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The mouse dose at the lowest water concentration used in the National Toxicology Program hexavalent chromium (CrVI) drinking water study (NTP, 2008) is about 74,500 times higher than the approximate human dose corresponding to the 35-dty geometric mean reported in EWG (2010) and over 1000 times higher than that based on the highest reported tap water concentration. With experimental and environmental doses differing greatly, It Is a regulatory challenge to extrapolate high-dose results to environmental doses orders of magnitude lower in a meaningful and toxicologically predictive manner. This seems particularly true for the low-dose extrapolation of results for oral CrVI-induced carcinogenesis since dose-dependent differences in the dose fraction absorbed by mouse target tissues are apparent (Kirman et aL, 2012). These data can be used for a straightforward adjustment of the USEPA (2010) draft oral slope factor (SFo) to be more predictive of risk at environmentally-relevant doses. More spedficaUy, the evaluation of observed and modeled differences in the fraction of dose absorbed by target tissues at the point-of-departure for the draft SFo calculation versus lower doses suggests that the draft SFo be divided by a dose-specific adjustment factor of at least an order of magnitude to be less over-predictive of risk at more environmentally-relevant doses. 

1. lotroduc:tfoo 

In recent years, there has been a great deal of scientific debate 
and new research regarding exactly how and under what condi
tions CrVI is likely to induce cancer following oral exposure 
(e.g., Thompson et al. , 2011a: McCarroll et al., 2010: USEPA, 
2010). Some significant topics of debate concern Issues relevant 
to the mode of action (MOA) and whether the excess risk 
observed at very high mouse oral doses of CrVI would be 
expected to extrapolate downward to significantly lower, truly 
environmentally-relevant human doses in a linear manner or if 
a nonlinear/threshold dose-response should be expected at such 
low doses. Such topics include the roles of mutagenicity and 
chronic hyperplasia in CrVI-induced carcinogenicity in target 
tissues, if the MOA and/or gastrointestinal (CI) extracellular 
reductive capacity likely impart a nonlinear/threshold character 
to the dose-response, and the potential that mouse oral doses 
in NTP (2008) exceeded tile extracellular CrVI reductive capacity 
of the stomach/CI tract 

As part of the CrVI MOA research project (e.g., Thompson et al., 
2011 a), Proctor et al. (2012) report that stomach reducing capacity 
was likely exceeded at doses causing cancer in tile mouse small 
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intestine. and indicate that physiologically-based toxicoldnetic 
(PBTK) models are necessary to account for competing kinetic rates 
in extrapolating target tissue dose for tile purpose of risk assess
ment If extracellular CrVI reductive capadty Is exceeded at high 
drinking water concentrations such as tllose Inducing cancer of 
the small Intestine in NTP (2008 Increased tissue uptake would 
be antidpated compared to lower doses (Thompson et al., 
2011 b). In otller words, dose-dependent changes In tile fraction 
of dose absorbed would be expected at doses which exceed stom
ach/CI extracellular CrVI reductive capadty compared to tllose that 
do not, with a higher dose fraction absorbed at doses exceeding 
reductive capadty. 

In this study, tissue concentration data collected at various 
doses as part of the CrVI MOA research project (including some 
doses lower tllan tllose used in NTP. 2008) are evaluated to: 

( 1 ) quantify differences in the dose fraction absorbed at relevant 
doses: and 

(2) derive factors based on dose-dependent changes in target 
tissue absorption that may be used to adjust the draft oral 
slope factor (SFo) to be more predictive of risk at lower, 
more environmentally-relevant doses. 

Please cite tbis artide in press as: Haney Jr~ J. Use of dose-dependent ilhlolptian into larg1!t tissues to more aa:urately predict canarnsk at low oral doses of hexavalenl chromium. Regul. Toxic:ol. Pllannacol (2014 ~ http://dx.doi.org/1 0.1 016/j.yrtph.2014.11.002 
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Table 1 
Total chromium target tlssur concentrations in 860Ft mice.' 

Drinking water Dose Body Total dally Duodenum tissue tSD 95lUO.d 95lLO.' jejunum tissue tSO 95l UO. 95l La. Ileum tissue 
concentration (mgCr/ - ightb dose<(mg concentration (mgCr/kg (mgCr/kg concentration (mgCr/ (mgCr/ concentration (mz500/L) kg- (g) Cr/day) (mem mg Cr/kg tissue) tissue) (mean mg Crfkg kg tissue) kg tissue) (mean mg Cr/kg day) tissue) tissue) tissue) 0 0 25.8 0 0.017 0.007 O.D22 0.012 0.046 0.044 0.078 0.014 0.020 031 0.024 26.4 0.001 0.056 O.D15 D.067 0.045 0.034 0.021 0.049 0.019 0.014 4 0.32 25.9 o.oos 1.5 027 1.7 13 0.11 0.052 0.15 0.07 0.042 14 1.1 263 0.029 7.J 0.78 7.9 6.7 033 0.29 0.54 0.12 0.13 60 4.6 253 0.116 315 5.0 37.2 29.8 4.7 33 7.1 23 1192 170 11.6 24.9 0.289 42.4 12.4 51.5 333 21.6 14.8 32.5 10.7 l.B 520 30.9 233 0.720 60.9 14.1 713 so.s 119 6.9 19.0 8.8 .2.3 • Drinldng water and tissue data taken from Table 3 of Kinnan et al. (2012), who reported flold lmUdml values as significantly dllferent than controls (p < O.OS). b Body weight data from Table S2 orTnompson et at. (2011 b). 

< Calculated as mg Cr/kg-ilay x body weight In ldlograms. 
d 95lUO. ~ mem + (1.645 x SE) where SE • SO/n"'.S and n • 5. 
• 95lLa. • mean - (1.645 x SE) where SE • SO/n"'.S and n • 5. 
r Corresponds to thr federal MO. of 0.1 mg Cr/L; MW of CrVMW of SOD "' 104/298 "' 035 as conversion factor to convrrt SOD concentrations to Cr. 

Table 2 
Added chromium target tissue concentrations in 860Ft mice. • 

DrinkfDg Body Total Duodenum tissue :I:5D 95lUO.d 95l La.' jejunum tissue tSD 95lUO. 95lLa. Ileum tissue water dose -lght"{g) dally concentration (mean (added mg (added mg concentration (added mg (added mg concentration (mgCrfkg- dose<(mg added mg Crfkg Crfkg Crfkg (mean added mg Cr/ Crfkg Crfkg (mean added mg day) Cr/day) tissue) tissue) tissue) kg tissue) dssur) tissue) Cr/'qdssue) 0.024 26.4 0.001 0,039 0.015 o.oso 0.028 0 0,021 0 0 0 032 25.9 o.oos 1.5 03 1.7 13 0.068 0.052 5.781!-05 1.62E- 05 O.D21 1.1 26.3 0.029 7.2 0.8 7.8 6.6 D.28 029 2.72E-04 3.681!- 05 0.11 4.6 253 0.116 33.5 5.0 37.2 29.8 4.7 33 3.791!-03 1211!- 03 0.9 11.6 24.9 0.289 42A 12.4 51.5 333 21.5 14.8 1.691!-02 5.5SE- 03 1.8 30.9 233 0.720 60.9 14.1 713 50.5 13.8 6.9 9.241!-03 4.271!- 03 23 • DrinkfDg water doses and added Cr (over background) tissue d.ata taken from Table 8 of Kirman et at. (2012) with b.tckground shown as zero added. b Body weight data from Table S2 of Thompson et at. (2011 b 
< Calculated as mg Crfkg-ilay x body weight In ldlograms. 
d 95:WO. • mean+ (1 .645 1< SE) where SE • SD/n"'.S and n • 5. 
• 95ll.CL • mean - (1.645 x SE) where SE • SD/n"'.S and n • 5. 

tSD 95l ua. 
(mgCr/ 
kg tissue) 

0.01 0.027 
0.000 0.014 
0.03 D.066 
0.03 0.15 
1.0 1.66 
1.1 2.6 
0.86 2.9 

tSD 95l ua. 
(added mg 
Crfkg 
tissue) 

0.000 0 
0.033 0.045 
0.03 0.13 
1.0 1.6 
1.1 2.6 
0.9 3.0 

95l La. 
(mgCr/ 
kg tissue) 

0.013 
0.014 
0.018 
0.11 
0.18 
1.0 
1.7 

95lLa. 
(added mg 
Crfkg 
tissue) 

0 
-0.003 
D.09 
0.16 
1.0 
1.6 
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Table 3 
Absorbed dose fraction estimates l'or the mouse duodenum. 

DIMide- 1)5% 1J(L 
Drtaklac Water Total Daly FIWdloaof DIMide- DIMide1111111 D-*1111111 Co..:eatratloa Dne" Dne Body We!Pf Total~ Totaler 

(JJWSDDIL) (mgCrlkg- <awCrfday) Weipf (k&) (mg) (mg) 
day) 

0 0 0 0.012 3.101!-04 5.261!-06 6.861!-06 
OJ' 0.024 0.001 0.012 3.17B-04 1.11B-IJS 2.12E-OS 
4 0.32 0.008 0.012 3.118-04 4.661!-04 5.288-04 
14 1.1• 0.029 0.012 3.161!-04 l.30B-IJ3 2.488-03 
60 4.6 0.116 0.012 3.048-04 l.OlB-02 1.138-02 170 11.6 0.289 0.012 2.998-04 1.278-02 1.548-02 

520 30.9 0.720 0.012 2.808-04 1.708-02 1.998-02 
1 Doses and total dally doses from Table 1. 
bTissue-spedftc fractions or body weight from Table 4 of Kirman et al. (2012 <calculated as fraction or body weight x body weight rrom Table 1. 

95%LCL Meu 95% ua. 
DIMide1111111 Dote Dote 
Tobler FIWdloa FIWcdoa 

(aW Alllorllecl' Alii orbed 

3.67B-06 
1.421!-DS 1.9'7E-G2 2.27B-Ol 
4.048-04 S-'6£-0'2 6.29B-02 
2.128-03 . 1.95£-02 8.S7B-02 
9.0SB-03 8.731!-02 9.69B-Ol 
9.948-03 4.38B-02 5.33B-02 
1.41B-Ol 2.361!-02 2.77B-02 

3 

95%LCL 
Dne 

FIWcdoa 
Alllorbed 

1.67B-02 
4.848-02 
7.32B-02 
7.788-02 
3.44B-02 
1.968-02 

d Calculated as tissue weight x tissue concentration (mean, 951 UCL or 951 LCL) from Table I ; tissue concentrations assodated with"""' llulldllftl values were compared to each other and are statistically slgnlftcantly different by unpaired t-test (p < 0.001 ). •corrected for background concentrations in controls at 0 dose. 1 Corresponds to the federal MCL of 0.1 mg Cr/L 
•corresponds to the POD used for the draft SFo (BMDL, 0 values of 1.0-1.2 mg/kg-day). 

Table4 
Absorbed dose fraction estimates for the mouse jejunum. 

Jejaa11111 95%UO. Drtaldma Water Total Daly Fracdoaof Jejaalllll Je;m.. 
Co..:eatratloa Dne" Dne Body WeJald' Tobler' 

(awSDDIL) <awCrlks- (awCr/day) Wetpti' (k&) (m&) 
day) 

0 0 0 0.021 S.42B-04 2.498-0S 
u' 0.024 0.001 0.021 5.548-04 1.UB-IJS 
4 0.32 0.008 0.021 5.448-04 S.98B-OS 
14 1.1• 0.029 0.021 5.528-04 l.llB-04 
60 4.6 0.116 0.021 5.318-04 2.SOB-03 
170 11.6 0.289 0.021 5.238-04 1.138-02 
S20 30.9 0.720 0.021 4.898-04 6.808-03 

1 Doses and total daily doses from Table 1. 
bTissue-specl6c fractions or body weight from Table 4 of Kirman et al. (2012 <Calculated as fraction or body weight x body weight from Table 1. 

Jejaaam 
Totaler 

(aW 

4.2SB-OS 
2.748-0S 
B.06B-OS 
3.008-04 
3.798-03 
1.70E-02 
9.298-03 

95%LCL Mean 95%UO. 95%LCL 
Jejaaam Dne Dne Dne 
Totaler Frac&a Frac&a r..cdoa 

(m&) Alllorbed' Ablorlled Alii orbed 

7.398-06 
1.038-0S 0 0 4.588-03 
3.908-0S 4.2~-03 4.618-03 3.828-03 
6.448-05 S.44E-03 8.918-03 1.97B-03 
1.218-03 2.12£-02 3.228-02 1.038-02 
5.6()8..03 3.90B-02 5.87B-02 !.94E-02 
4.328-03 9.418-03 1.28B-02 5.998-03 

d Calculated as tissue weight x tissue concentration (mean. 951 UCL or 95:1: LCL) from Table 1; tissue concentrations assodated with"""' ltlllldlled values were compared to each other and practically achieved a statistically slgnlftcant difference by unpaired t-test (p • 0.052~ •corrected for background concentrations In controls at 0 dose, negative corrected values set to %1!rO. 'corresponds to the federal MCL of 0.1 mg Cr/L 
•corresponds to the POD used for the draft SFo (BMDL10 values of1.D-1.2 mgjkg-day~ 

Table 5 
Absorbed dose fraction estimates l'or the mouse ileum. 

De- 95% ua. Drfaldua Water TobiDally Fractloa of De- lie am De-Co..:eatratloa Dne" Doae Body Wetpf Total~ Tobler (qSDDIL) <awCrlks- <awCr/day) 
day) 

WeJa~ (k&) (mg) (aW 
0 0 0 0.0063 1.638-04 3.2SB-06 4.338-06 

0.31 0.024 0.001 0.0063 1.668-04 l.33B-N 2.338-06 
4 0.32 0.008 0.0063 1.638-04 6.8SE-06 1.088-0S 
14 1.1• 0.029 0.0063 1.668-04 1.15JI..IJ5 2.488-0S 
60 4.6 0.116 0.0063 l.S9B-04 1.47B-04 2.64E-04 170 11 .6 0.289 0.0063 I.S7B-04 2.82B-04 4.098-04 S20 30.9 0.720 0.0063 1.47B-04 3.388-04 4.308-04 

1 Doses and total dally doses from Table 1. 
bTissue-sped6c fractions of body weight from Table 4 of Kirman et al. (2012 ). <eaJculated as fraction or body weight x body weight from Table 1. 

95% LCL Meu 
De- Dote 

Totaler Fracdoa 
(q) Alllomed' 

2.17B-06 
2.338-06 0 
2.89E-06 4.35£-04 
1.82B-OS 6.32E-04 
2.948-0S 1.23£-03 
l.SSE-04 9.668-04 
2.4SE-04 4.641!-04 

95%UO. 95%LCL 
Dne Dne 

Frac&a FIWdloa 
Alllorbed Alii orbed 

0 2.438-04 
7.838-04 8.6SE-OS 
7.09E-04 S.56B-04 
2.23S.03 2.348-04 
1.408-03 S.31E-04 
S.92B-04 3.37B-04 

d Calculated as tissue weight x tissue concentration (mean, 951 UCL or 951 LCL) from Table 1; tissue concentrations associated with"""' llulldllftl values were compared to each other and are statistically significantly different by unpaired r-test (p < 0.001 ~ •corrected for background concentrations in controls at 0 dose, negative corrected values set to zero. 'Corresponds to the federal MCL of 0.1 mg Cr/L 
1 Corresponds to the POD used for the draft SFo (BMDL10 values of 1.0-1.2 mgJicg-day). 

Please cite this artide tn press as: Haney jr" J. Use of dose-dependent absorption inlD target tissues to IIIOI'r accurately predict cancer risk at low oral doses of hexavalent cbmmium. Regul. Toxicol. Pharmacal (2014). http://dx.doi.org/1 0.1 016fj.yrtph.2014.11.002 
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2. Materials and methods 

Tissue concentration data reported by Kirman et at. (2012) were 
evaluated for this study. Kirman et aL report total and added chro
mium (Cr) mouse target tissue (i.e., duodenum, jejunum, ileum) 
concentrations that were collected to support the rodent PBTK 
model (Tables 1 and 2 ). In addition to drinking water concentra
tions used in the CrVI rodent drinking water study (NTP, 2008 ), 
these data include two lower water concentrations (0.3 and 4 mg 
sodium dichromate dehydrate (SDD)/L) and their corresponding 
daily Cr doses. The lowest water concentration tested for Kirman 
et al. corresponds to the federal maximum contaminant level for 
chromium (MCL of 0.1 mg Cr/L), making these data more relevant 
to possible environmental exposures than those from the NTP 
study (although still at concentrations and doses much higher than 
typical human exposures). Additionally, the current study uses 
USEPA benchmark dose (BMD) software (version 25) to model 
tissue concentration versus dose so that absorbed dose fractions 
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Fll. 1. Mouse duodenum tissue concentration versus dally dose. 

Table & 
Duodenum best-fitting model tissue COIICI!ntration prediction. 

Hill Model (non-c:onstant variance) 
equation: 

Parameters 

Dose (mg/kg-dayY 
Intercept 
v 
n 
k 

Y (tissue cone. In mgJkg 
at dose) • Intercept + v• dose"n/ 
(k"n + dose"n) 
Inputs 

0.008 
0.018 
62397 
1.406 
4.638 

Solve ror Y (tissue cone. In mg/kg at dose) O.OZ& 

• Corresponds to one-third the mouse dose at the rederal MO. 

Table 7 

corresponding to doses up to three times lower than the lowest 
tested for Kirman et at. (2012) can be calculated. 

The dose fractions absorbed into target tissues were calculated 
using the target tissue concentration data and tissue weights to 
first calculate the total amount of Cr In the target tissue (i.e., tissue 
concentration in mg Cr/kg tissue x tissue weight in kg • total mg 
Cr in tissue), and then dividing by the total daily dose (mg Cr/ 
day, although use of cumulative dose would not change the 
relative differences in dose fraction absorbed at various doses). 
However, the target tissue concentration data presented In Table 1 
for CrVI exposed mice are not corrected for the background Cr 
tissue levels present in control mice not exposed to CrVI. Thus, 
when calculating the CrVI dose fractions absorbed by these tissues 
(presented later in Tables 3-5), the background total Cr in a tissue 
was subtracted from that in exposed mice to represent only the 
additional Cr present in tissues due to the CrVI exposure (e.g.. total 
Cr in a tissue due to CrVI exposure .. total tissue Cr - background 
total tissue Cr in control mice). While this correction is not needed 
for the added Cr (over background) tissue concentration data 
presented in Table 2, data from both tables were used in order to 
evaluate and ensure consistency of results. The same process was 
used for 95% upper confidence limit (UCL) and 95% lower confi
dence limit (LCL) estimates. Accordingly, the dose fraction 
absorbed by a target tissue (i.e., duodenum, jejunum, ileum) at a 
given dose is calculated as follows: 

Dose Fraction Absorbed = Total Added Cr in Target TissuejCr Dose 

Absorbed dose fraction calculations based on the reported tis
sue concentration means, 95% UCL and 95% LCL estimates, and 
modeled tissue concentrations at even lower doses can be used 
to derive an adjustment factor for the draft SFo (05 per mgfkg-day; 
USEPA. 2010) to make it more predictive of excess risk at low 
doses, that is, doses lower than the point-of-departure (POD) used 
to calculate the SFo. More spedfically, an evaluation of these 
tissue concentration data (based on both the empirical data 
collected and modeling the data) utilizing relatively straightforward 
calculations is used In this study to determine the factors by which 
the fractions of dose absorbed by target tissues decrease at lower, 
more environmentally-relevant doses compared to the POD made 
basis for the draft SFo (BMDL10 values of 1-1.1 mg/kg-day). These 
factors account for dose-dependent changes in the dose fraction 
absorbed that are important to adjust for when the SFo is 
calculated based on a dose where an appredably higher fraction 
is absorbed compared to the fractions absorbed at lower doses 
where the SFo will be used to estimate risk: 

Adjusbnent Factor = DFAPOo/DFAam 

where: 
DFA.>oo .. E dose fractions absorbed by target tissues at the SFo 

POD; and DFAERD • E dose fractions absorbed by target tissues at a 
lower, more environmentally-relevant dose where the SFo will be 
used to estimate risk. 

Absorbed dose rractlon estimates based on modeled tissue concentrations ror the mouse duodenum. 
Drinking water concentration 
(mg SDD/L) 

1/3 the MCL 
1/2 the MCL 

Dos!" 
(mg Cr/kg-day) 

0.008 
0.012 

Total dally dose 
(mgCr/day) 

2.11E- 04 
3.16E- 04 

Duodenum tissue concentration• 
(mg Cr/kg tissue) 

0.026 
0.032 

Duodenum total Cr' 
(mg) 

8.19E- 06 
1.02E-·05 

Mean dose fraction 
absorbedd 

1.38E- 02 
1.SSE- 02 

• Doses and total daily doses at 1 /3 and 1/2 the MCL were calculated based on these fractions x the doses at the MCL of 0.1 mg Cr/L (03 mg SDD/L) from Table 1. b Tissue concenb'ations at 1 {3 and 1/2 the MCL based on the BMD modeling equation In Table 6. • calculated as predicted tissue concentration x tissue weight at the MCL of 0.1 mg Cr/L (0.3 mg SDD/L) from Table 1. d Corrected for the mean background duodenum tissue concenb'ation In controls at 0 dose (0.017 mg Cr/kl tissue or total tissue Cr or 5.26£ 06 mg) from Table 1. 
Please cite this article in press as: Haney Jr~ J. Use of dose-dependent absorption into target tissues to more accurately predict cancer risk at low Gr.ll doses of hexavalent cbromium.llegul. Toxicol Pharmacal. (2014), http:lfdx.doi.org/10.t016/j.yrtph.2014.1 1.002 



}. Hrmey }r.J Rrgulatory Toricology rmd Pharmacology 1001 (2014) 1001-1001 5 

:!,_.--·-·~-~--~-........ 
l I r:ID 
-211 

I 
Sm 

J ,. I 
110 

0 -

4 • • tO 

---~ 
Fll. 2. Mouse jejunum tissue conCI!IItration versus dally dose. 

~· u 

3 

~u 
- 2 
! 

I'·: 
I o.• 

a ..J 

.o.a _..._ 
0 I 10 " 2D 211 

---~~ 
Fig. 3. Mouse ileum tissue concentration versus daily dose. 

•• 

The draft SFo can simply be divided by this factor to be more 
predictive of risk a dose lower and more environmentally-relevant 
than those used in NTP (2008): 

Adjusted SFo - SFojAdjusbnent Factor 

Lastly, examples of adjusted USEPA draft SFo values for CrVJ are 
used to calculate excess risk at the federal MCL (0.1 mg/L) and a 
high but environmentally-relevant drinking water concentration 
(i.e .• the maximum reported city drinking water concentration in 
EWG, 2010 ). 

TableS 

3. Results and discussion 

There are dose-dependent differences in the dose fraction 
absorbed by target tissues (Tables 3- 5) based on analysis of the tis
sue concentration data collected to support the rodent PBTK model 
(Kirman et al., 2012 ). As drinking water concentrations and associ
ated doses increase from 0 to 60 mg SDD/1.. the mean dose frac
tions absorbed also increase. This is true for all three target 
tissues, induding the duodenum as the most carcinogenesis
responsive tissue (Table 3) and the jejunum (Table 4) as the sec
ondary contributor to the draft SFo. 

The dose fractions absorbed based on 95' ua tissue concentra
tions also generally increase with dose as drinking water concen
trations increase from 0 to 60 mg SDD/L. Based on 95% La tissue 
concentrations, the dose fractions absorbed by the duodenum 
(Table 3) also increase with dose over this drinking water concen
tration range (95% La results for the jejunum and Ileum were 
more mixed). 

While the dose fractions absorbed by target tissues increase 
with dose as drinking water concentrations increase from 0 to 
60 mg SDD/L (Tables 3- 5), it is apparent at the highest and least 
environmentally-relevant drinking water concentration doses 
(e.g., the two highest doses for the duodenum and ileum and the 
highest dose for the jejunum) that these tissues are unable to con
tinue to absorb an ever-increasing fraction of the dose (although 
measured tissue concentrations are higher at these extremely high 
doses). Kirman et al. (2012 ) note that there is lower fractional 
absorption at the higher doses (>10 mgfkg-day at the two highest 
doses) where CrVJ absorption is saturated, perhaps due to a toxic 
response (e.g., villi toxicity affecting transporter-mediated absorp
tion and greater cell sloughing). However, as these higher doses are 
entirely irrelevant to environmental doses, this animal study high
dose phenomenon (CrVJ absorption saturation at exceedingly high 
doses) does not detract from the significance of the results pre
sented in the current paper for lower study doses that are still 
orders of magnitude higher than environmental exposures. For 
example, while the lowest water concentration tested in Kirman 
et al. of 0.3 mg SDD/L (0.1 mg Cr/L) Is about 50 times less than 
the lowest concentration of 14.3 mg SDD/L tested in NTP (2008 ), 
it is still 555 times higher than the 35-clty drinking water geomet
ric mean (GM) and about 8 times higher than the city with the 
highest drinking water concentration (EWG, 2010). 

In regard to more tissue- and dose-specific results, the duode
num and jejunum are the target tissues where the vast majority 
of adenomas/cardnomas were found in NTP (2008 ). Table 3 shows 
that the dose fraction absorbed by the mouse duodenum is approx
imately four times higher at the POD used for the draft SFo deriva
tion than at the federal MCL (note that the duodenum tissue 
concentrations associated with these doses are statistically signif
icantly different than each other; p < 0.001 ). This is significant 
given that the duodenum was the target tissue where most of 

Absorbed dose fraction estimates based on modeled tissue concentrations for the mouse jejunum and ileum. 
Drinking water Dosr' Total dally jejunum tissue jejunum Mean dose Ileum tissue Ileum Mean dose concentration (mg Cr/kg-day) dose concentrationb total fraction concenlriltionb total cr fraction (mg SDD/L) (mg Cr/day) (mg Cr/kg tissue) cr(mgJ absorbedd (mg Cr/kg tissue) (mg) absorbedd 
1/3 the MCL 0.008 2.11£- 04 0.0434 2.406£- 05 0 0.0164 2.73£- 06 0 1/2 the MCL 0.012 3.16£ 04 0.0435 2.410E- 05 0 0.0165 2.74E- 06 0 

• Doses and total daily doses at 1/3 and 1/2 the MCL were calculated based on these fractions)( the doses at the Mn of0.1 mg Cr/L (0.3 mg SOD/L) from Table 1. b jejunum and Ileum tissue concentrations at 1/3 and 1/2 the MCL based on the BMD modeling equations (not shown) from best-fitting models. < calculated as predicted tissue concentration )( tissue weight at the MCL of 0.1 mg Cr/L (0.3 mg SOD/L) from Table 1. d BMD model-predicted jejunum and Ileum tissue concentrations at 1/3 and 1/2 the Mn were just below the control (0 dose) background tissue levels of 0.046 and 0.020 mg Cr/kg tissue, respectively, so to correct for background tissue concenlriltions the dose fraction absorbed values at 1/3 and 1/2 the Mn for the jejunum and Ileum were set lD zero. 

Please cite this article in press as: Haney Jr~ j. Use of dose-dependent abso~Ption mto target tissues to more accurately predict cancer risk at low oral doses of bexavalent chromium. Regu1. Taxicol. Pbarmacol (2014 ~ http: //dx.doi.org/1 0.1 016/j.yrtph.2014.11.002 
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Absorbed dose fraction estimates for the three mouse target tissues and SFo adjustment factors. 

Drinking Dose' Total Duodenum Duodenum Duodenum Jejunum jejunum951 Jejunum Ueum Ueum951 Ueum 951 water (mg daily mean dose 951 UO.dose 951 LCI..dose mean dose UO.dose 951 LCL mean dose UO.dose LCI..dose concentration Cr{kg- dose(mg fraction fraction fraction fraction fraction dose fraction fraction fraction (mg SDD/L) day) Cr/day) absorbed' absorbed absorbed absorbed' absorbed fraction absorbedb absorbed absorbed 
absorbed 

1/3MCL o.oos 2.11E- 04 138E-02 0 0 1/2 MO. 0.012 3.16E- 04 155E- 02 0 0 o.Jd 0.(124 6.34E- 04 1.97E- 02 2.27E- 02 1.67E-02 0 0 458E- 03 0 0 2.43E-04 4 032 8.29E-03 556E-02 6.29E- 02 4.B4E- 02 4.21E- 03 4.61E- 03 3.82E- 03 4.35E- 04 7.83E- 04 8.65E- 05 14 l.t• 2.89E- 02 7.95E-02 857E- 02 732E- 02 5.44E- 03 8.91E- 03 1.97E- 03 6.32E- 04 7.119E-04 556E-04 60 4.6 1.16E- 01 8.73E- 02 9.69E- 02 7.78E- 02 2.12E- 02 3.22E- 02 1.03E-02 1.23E- 03 2.23E- 03 234E- 04 170 11.6 2.89E-01 438E- 02 533E- 02 3.44E-02 3.90E- 02 5.87E- 02 1.94E-02 9.66E- 04 1.40E-03 531E- 04 520 3G.9 7.20E-01 236E-02 2.77E-02 1.96E- 02 9.41E-03 1.28E- 02 5.99E-03 4.64E- 04 5.92E- 04 337E- 04 

SFo adjustment factmsr: 
Based on 4.3 4.2 
lowest 
dose(at 
MO.) 
Based on 6.2 
modeling 
at 1/3 MO. 

• Doses and total daUy doses from Table 1, except doses at 1/3 and 1/2 the MO. were calculated based on these fractions>< the doses at the MO. of0.1 mg Cr/L (03 mg SDD/L). b Mean and 951 UUfLa. values from Tables 3- 5 for doses tested in Kirman et al. (2012 ), and Tables 7 and 8 for mean dose fraction absorbed estimates at 1/3 and 1/2 the MCL c Sum of dose fractions absorbed (corrected for background tissue concentrations) for all three tissue mean. 951 UCL. or 951 LCL values. d Corresponds to the feder.tl MO. of 0.1 mg Cr/L 
• Corresponds to the POD used for the draft SFo (BMDL,0 values of1.D-1.2 mg/kg-day). 
r Calculated as dose fraction absorbed at draft SFo POD/fraction absorbed at the MO. or 1/3 the MO.. 

3-iiSSUe 3-IISSUe 951 
mean dose UO.dose 
fraction fraction 
absorbed" absorbed 

l.lSE- 02 
1.55E- 02 
1Jmi-OZ U'1E- 02 
6.03E-02 6.83E- 02 
&.SSE- 02 9.5lli- 02 
1.10E- ot 1.31E- 01 
8.38E- 02 1.13E- 01 
3.35E- 02 4.11E- 02 

35 

3-Tissue 
951LCL 
dose 
fraction 
absorbed 

2.15&- 0Z 
5.23E-02 
7.581!- 0Z 
8.83E-02 
5.43E- 02 
259E-02 
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the adenomas/carcinomas occurred in NTP (2008) and therefore 
was the principal contributor to the draft SFo. Similar to Table 3, 
Tables 4 and 5 show that the dose fractions absorbed into the 
mouse jejunum and ileum are higher at the POD used for the draft 
SFo derivation than at the federal MCL This is of particular impor
tance for the jejunum since this target tissue was a secondary con
tributor to the mouse adenomas/carcinomas observed in NTP 
(2008) and therefore contributed secondarily to the draft SFo. 
Not surprisingly, since the calculations in Tables 3- 5 account for 
background tissue concentrations, essentially identical results 
were obtained using the added Cr tissue data provided in Table 2 
(calculations not shown). Consequently, analyses based on data 
from Table 2 are not discussed further. 

Greater differences in the dose fraction absorbed were found 
(compared to the dose fraction absorbed at the draft SFo POD) 
when duodenum tissue concentrations were modeled as a func
tion of dose (BMD software version 2.5) in order to estimate 
absorbed dose fractions at one-half and one-third of the MCL 
Fig. 1 shows good model fit (goodness-of-fit was evaluated by 
visual inspection with scaled residuals <121 and a goodness-of-fit 
p value >0.1 ). 

The equation and parameter estimates for this response func
tion (provided by BMD software) were then used to calculate the 
estimated mean duodenum tissue concentrations at one-half and 
one-third of the MCL (3.2£-02 and 2.6£-02 mg/kg, respectively) 
since the MCL was the lowest water concentration for which data 
are provided in Kirman et al. (2012 ), drinking water concentrations 
are typically significantly below the MCL (e.g~ EWG, 2010), and 
BMD modeling is generally not used to extrapolate to doses far 
below the experimental range (USEPA, 1995). For example, Table 6 
provides the relevant inputs for the duodenum tissue concentra
tion calculation at one-third of the federal MCl:. 

As in Table 3, these tissue concentrations and the total dally 
doses that would have been associated with one-half and one-third 
of the MCL (3.2£-04 and 2.1£-04 mg Cr/day, respectively) were 
used to estimate the dose fractions absorbed at these lower drink
ing water concentrations. The calculated absorbed dose fractions 
were approximately 1.6£-02 and 1.4£-02, respectively (Table 7). 

Based on these results, the calculated dose fraction absorbed by 
the mouse duodenum is approximately six times higher at the POD 
used for the draft SFo derivation than at one-third of the federal 
MCL This is significant given that most cancers occurred in this tis
sue in NTP (2008) and that typical drinking water concentrations 
are still almost 200 times lower than one-third the MCL 
(0.033 mg/L/35-city drinking water CM of 0.00018 mg/L ~ 183). 

Predictions by response function equations from good-fitting 
BMD models (Figs. 2 and 3) for the jejunum (high dose dropped) 
and ileum at even one-half the MCL (43£-02 and 1.6£-02 mgflcg, 
respectively) were slightly lower than mean background levels 
for those tissues (calculations not shown). Therefore, to account 
for background tissue concentrations, the dose fractions absorbed 
by these tissues (corrected for background) were set to zero at 
one-third and one-half of the MCL (Table 8). 

Finally, in Table 9 absorbed doses by all three target tissues 
(from Tables 3- 5, 7 and 8 ) are used to calculate overall Sfo adjust
ment factors which account for differences in the dose fraction 
absorbed at the POD made basis for the draft SFo versus the 
fractions absorbed at lower, more environmentally-relevant doses 
(i.e., 1/3 the MCL and the lowest dose tested for Kirman et al .. 
2012 ). 

The results in Table 9 show that the dose fraction absorbed by 
target tissues at the POD dose used in USEPA {2010) for the draft 
Sfo calculation (BMDL10 values of 1-1.1 mg/lcg-day) is approxi
mately four times higher than that at the MCL and about six times 
higher than that predicted at one-third of the MCL Fig. 4 shows 
dose fraction absorbed versus dose for the lower drinking water 
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fll. 4. Dose fraction absorbed versus dose. 

concentrations of 03-60 mg SDD/L. which are closer to (although 
still significantly above) environmentally-relevant drinking water 
concentrations. 

Consideration of the shape of the curve in Fig. 4 suggests that 
using proportionality/linearity to estimate the expected dose frac
tion absorbed at truly low, environmentally-relevant water con
centrations may be predictive. The 35-city drinking water CM 
(0.00018 mg/L) is over 500 times lower than the MCL (0.1 mg/L), 
the lowest water CrVJ concentration tested in Kirman et al. 
(2012) and shown in Fig. 4. An estimate of the dose fraction 
absorbed at 0.00018 mg/L based on proportionality with the frac
tion absorbed at the lowest water concentration tested (0.3 mg 
SDD/L or 0.1 mg Cr/L) would be: 

Dose Fraction Absorbed( x )/0.00018mgCr fL 
= 1.97E - 02/0.lmg(r/L 

Dose Fraction Absorbed(x) = {1.97E - 02/0.lmgCr/L) 

x 0.00018mgCr /L 

Dose Fraction Absorbed(x) = 3.55£ - 05 

This estimate of the dose fraction which may be absorbed at the 
35-city drinking water CM is over 2400 times lower than that 
calculated (8.55£-02 from Table 9} for the water concentration 
and dose (1.1 mg Cr/kg-day at 14mg SDD/L) corresponding to 
the POD for the draft Sfo (an adjustment factor of 2408). Even 
for the city with the highest drinking water concentration 
(0.0129 mg/L) reported in EWG (2010), the estimate of the dose 
fraction absorbed (2.54£-03; calculation not shown) is over 30 
times lower than that calculated for the draft SFo POD (an adjust
ment factor of 34). 

4. Conclusions 

The above analyses show dose-dependent differences in the 
dose fraction absorbed by target tissues. More specifically, the dose 
fraction absorbed increases with dose from 0 to 60 mg SDD/L 
(0-21 mg Cr/L), which is up m 210 times the federal MCL (0.1 mgJL). 
Additionally, compared to the POD dose used in USEPA {2010) for 
the draft Sfo calculation (BMDL10 values of 1-1.1 mgflcg-day), 
analysis of the tissue concentration data collected (Table 9) indi
cates that the fractions of dose absorbed into target tissues of the 
mouse small intestine (duodenum, jejunum, ileum) are appreciably 
lower at lower doses. :Ibis may be due to dose-dependent changes 

Please dte this artide in press as: Haney Jr~ J. Use of dose-dependent absorption into target tissues to mare accurately predict cancer risk at low oral doses of hexavalent chromium. Regul. Toxicol. Pbannacol. (2014). http://dx.doi.org/1 0.1 016Jj.yrtph.2014.11.002 



8 }. Haney }r./Regu/Dtory Todcology and PltannacoiD&Y 100t (2014) 100t-IOOC 

in the competing rates of reduction/detoxification prior to Crvt 
absorption by target tissues. Based on both the absorbed dose 
fractions calculated using measured target tissue concentration 
data and the absorbed fractions predicted at doses lower than those 
tested, it is further concluded that the magnitude of risk over
estimation by the draft SFo (0.5 per mg/kg-day) increases as it is 
used to estimate excess risk at progressively lower, more environ
mentally-relevant water concentrations where the dose fractions 
absorbed become progressively lower. 

To be more predictive of risk, the draft SFo for Crvt should be 
adjusted by dose-specific adjustment factors (which vary) to 
account for the lower dose fractions absorbed by target tissues at 
lower, more environmentally-relevant water concentrations and 
doses as compared to the dose fraction absorbed at the water 
concentration and dose (1.1 mg Cr/kg-day at 14 mg SDD/L) corre
sponding to the POD for the draft SFo (BMDL10 values of 
1-1.1 mg/kg-day~ For example, the 4-fold difference between the 
dose fraction absorbed at the MCL versus that at the water concen
tration corresponding to the draft SFo POD (see Table 9) indicates 
that the draft SFo over-predicts cancer risk by around four times 
even at the MCL (0.1 mg/L), (note that when the mouse dose at 
the MCL is converted to a human equivalent dose, the human dose 
is that expected for humans at the MCL) which Is over 500 times 
higher than typical drinking water -levels (e.g., 35-city CM of 
0.00018 mgJL reported in EWC, 2010). Using this factor of 4 to 
adjust the draft SFo for the estimation of risk at the approximate 
human dose (2.9E-03 mg/kg-day) associated with the MCL results 
in an excess risk of about 3.6£-04. However, even the one-third of 
the MCL evaluated in this study is almost 200 times higher than 
typical drinking water concentrations (e.g., CM of 0.00018 mg/L), 
and the 6-fold difference between the dose fraction absorbed at 
one-third of the MCL versus that at the draft SFo POD (see Table 9) 
indicates that the draft SFo over-predicts cancer risk by around six 
times even at this high, atypical drinking water concentration 
(0.033 mgJL). In fact, the highest drinking water concentration 
(0.0129 mg/L) reported in EWG (201 0) is only about one-eighth 
of the MCL Perhaps even more pertinent to the propensity of the 
draft SFo to over-estimate environmental risk, estimates of the 
much lower dose fractions that may be absorbed at environmen
tally-relevant concentrations (0.00018-0.0129 mg/L) suggest that 
risk over-estimation by the draft SFo for drinking water concentra
tions that humans are likely to be exposed to may very well span 
orders of magnitude (tens to perhaps thousands). Furthermore, 
based on alternative MOAs, the carcinogenic risk at low (I.e., envi
ronmental) doses could be as low as zero (Thompson et al., 2013 ). 

Considering that risk over-estimation by the draft SFo for envi
ronmentally-relevant drinking water concentrations Is likely to be 
at least an order of magnitude and may span multiple orders of 
magnitude, these analyses suggest the draft SFo be divided by a 
dose-specific adjustment factor of at least an order of magnitude 
(adjusted SFo of ~0.05 per mg/kg-day) to be less over-predictive 
of risk at human-relevant doses (e.g., 0.0129 mg/L). Use of an 
example adjusted SFo to conservatively estimate risk at the 
approximate human dose (3.7£-04 mg/kg-day) corresponding to 
the highest reported CrVI tap water concentration (0.0129 mg/L) 
from EWG (2010) results in a high-end excess risk estimate no 
greater than 1.9£-05. This Crvt drinking water risk is well within 
USEPA's acceptable risk range (1E-06-1E-04). 

Potential limitations of this study include the assumption that 
90-day tissue concentration data (Kirman et al., 2012 ) are repre
sentative of those for longer-term exposure (NTP, 2008) in a rela
tive (not absolute) manner. That is, that the relative proportions 
of the dose fractions absorbed at various doses do not change sig
nificantly with longer exposure. The lack of target tissue data at 
truly environmentally-relevant drinking water concentrations 

and doses and the use of modeling (i.e~ BMD, proportionality 
calculations) to account for this is another limitation and/or uncer
tainty associated with some analyses, although the information 
available supports the approaches utilized. Although the relative 
simplicity of the approach employed in the current study may be 
viewed as a limitation compared to the more elegant PBTK models 
that have been developed (Kirman et al., 2012. 2013), its straigbt
fOJwardness and ease of understanding can also be viewed as 
strengths. An assumption inherent in adjusting an SFo in this man
ner based on dose fraction absorbed is that risk is proportional to 
target tissue dose. However, the assumption that target tissue dose 
is linearly related to risk Is inherently part of the default linear 
low-dose extrapolation method commonly used In regulatory risk 
assessment and regarded as conservative (I.e~ health protective, no 
threshold is assumed~ On the other hand, although the present 
study assumes low-dose linearity of target tissue dose (not oral 
dose) and risk (i.e., a mutagenic MOA), this paper should not be 
viewed as an endorsement of it in the MOA debate, as this 
approach may not be the best supported low-dose extrapolation 
method for Crvt oral risk assessment (e.g., estimating risk at 
environmental doses) based on the available information relevant 
to the MOA for Crvt-induced oral carcinogenicity (e.g., Thompson 
et al., 2011 a, 2013). Performing a weight-of-evidence on the most 
likely carcinogenic MOA. however, is beyond the scope of this 
paper. 
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Purpose. This study was conducted to compare the luminal composition of the upper gastrointestinal 
tract in the fasted and fed states in humans, with a view toward designing in vitro studies to explain/ 
predict food effects on dosage form performance. 
MetbodJ. Twenty healthy human subjects received 250 mL water or 500 mL Ensure plus• (a complete 
nutrient drink) through a nasogastric tube and samples were aspirated from the gastric antrum or 
duodenum for a period up to 3.5 h, depending on locationlfluid combination. Samples were analyzed for 
polyethylene glycol, pH, buffer capacity, osmolality, surface tension, pepsin, total carbohydrates, total 
protein content, and bile salts. 
Raults. Following Ensure plus• administration, gastric pH was elevated, buffer capacity ranged from 
14 to28 mmoL L - 1 ~pH- 1 (vs. 7-18 mmol L - 1 ~H-1), contents were hyperosmolar, gastric pepsin levels 
doubled, and surface tension was 30% lower than after administration of water. Post- and preprandial 
duodenal pH values were initially similar, but slowly decreased to 5.2 postprandially, whereas buffer 
capacity increased from 5.6 mmol L - 1 ~pH- 1 (fasted) to 18-30 mmol L - 1 ~pH- 1 (p < 0.05). Postprandial 
surface tension in the duodenum decreased by >30%, bile salt levels were two to four times higher, 
luminal contents were hyperosmotic. and the presence of peptide& and sugars was confirmed. 
Conduslons. This work shows that, in addition to already well characterized parameters (e.g., pH, and 
bile salt levels), significant differences in buffer capacity, surface tension, osmolality, and food 
components are observed pre-/postprandially. These differences should be reflected in test media to 
predict food effects on intralumenal performance of dosage forma. 

KEY WORDS: Ensure plus•; fasted state; fed state; human gastric fluid; human intestinal fluid. 

INTRODUCI'ION 

The in vivo pedormance of oral dosage fonns is an 
important issue when a new chemical entity is to be admin
istered orally for first time in humans, when scale-up and 
postapproval changes to the dosage form are made, and when 
a generic formulation is to be evaluated for marketing autho
rization. To date, relevant bioavailability (BA)/bioequiva
lence (BE) information is obtained mostly with studies 
pedormed in healthy humans, making the procedure time
consuming and costly. During the last decade, the Biophar
maceutics Classification System (BCS) has introduced the 
possibility of obtaining a marketing approval for a generic 
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formulation based on dissolution test results in certain cases 
(1), whereas the development of biorelevant media for the 
in vitro asseasment of intralumenal fate of dosage fonns has 
improved our ability to predict in vivo pedormance (2-4). 

The initial compositions of the biorelevant media were 
based on existing intralumenal data (4-7). For various rea
sons, those data may not optimally reflect the in vivo 
situation during a standard BAIBE study. First, the buffer 
capacity, which is of primary importance for the dissolution 
characteristics of ionizable compounds, has not been well 
characterized in humans and the buffer capacity of biorele
vant media had to be based on canine data (5). Second, in the 
fasted state, intragastric composition may be highly depen
dent on the volume of coadministered water and, although in 
BA or BE studies a standard volume of water is coadminis
tered with the dosage form (8,9), characterization of human 
gastric environment has in many cases been pedormed with
out administration of water, or with unspecified volumes 
(10-15). Third, although the distribution of nutrients in the 
meals administered to characterize intralumenal conditions 
in the fed state was generally similar in previous relevant 
studies, meal energy content (which will affect gastric resi
dence time) varied dramatically; in most previous studies 
total energy content was substantially lower [e.g., 158 kcal 
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(10) or 300 kcal (16)] than the 800-1,000 kcal content of the 
FDA-recommended standard meal (17). Moreover, in studies 
where the meal composition was similar to the FDA meal, 
the intralumenal environment was only partly characterized 
(11,13,18). In addition to the buffer capacity, few or no data 
for osmolality and surface tension data in the fed state have 
been reported in the literature. Finally, in some studies, 
agents that induce the fed state rather than an actual meal 
have been administered to induce "fed state" conditions 
(19,20). This would minimize the intralumenal volume gen
erated and, as a result, the intralumenal concentrations may 
be exaggerated compared to those generated during a BA/ 
BE study. 

In this study we characterized the upper gastrointestinal 
(GI) contents under conditions simulating BAIBE studies 
both in the fasted and in the fed states with a view toward 
designing media for the in vitro study of food effects on 
dosage form pedormance. In doing so, we gave emphasis to 
parameters that have not been fully characterized in the past 
and/or which are expected to vary with the composition of • 
the administered meal. Fasted state conditions were simu
lated by administering 250 mL of water to fasted subjects, 
whereas fed state conditions were simulated by administra
tion of 500 mL of Ensure pluse (21,22). It has previously 
been shown that Ensure pluse has a similar composition to 
that of the FDA meal that is commonly administered to 
study food effects in BAIBE studies (22). 

MATERIALS AND MEmODS 

Phases of the Study 

The study consisted of four phases. Each subject was 
administered a specific volume of fluid in the stomach and 
samples were aspirated either from the stomach or from a 
location lower than the sphincter of Oddi in the duodenum as 
follows: 

Phase 1: Samples were aspirated from the antrum of 
stomach, after administration of 250 mL of water to the 
antrum through a nasogastric tube. 

Phase 2: Samples were aspirated from the antrum of 
stomach, after administration of 500 mL of Ensure pluse 
(21,22) to the antrum through a nasogastric tube. 

Phase 3: Samples were aspirated from the duodenum 
after administration of 250 mL of water to the antrum 
through a nasogastric tube. 

Phase 4: Samples were aspirated from the duodenum 
after administration of 500 mL of Ensure pluse (21) to the 
antrum through a nasogastric tube. 

Subjects 

Twenty healthy nonsmokers (16 males and 4 females) 
with a mean age of 25 years (range 20-32 years) gave 
informed consent and participated in the study. One subject 
was 24% heavier than his ideal body weight [as determined 
from the Metropolitan Life Tables (23)]. Body weights of all 
other subjects deviated from the ideal weights by less than 
10%. None of the participants had a history or any clinical 
evidence of gastrointestinal disease. The health status of each 
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subject was confirmed by physical examination and screening 
of blood parameters for renal and hepatic functions. 

The study was held in the Red Cross Hospital of Athens 
after receiving approval by the Scientific and the Executive 
Committee of the Hospital. The study followed the tenets of 
the Declarations of Helsinki promulgated in 1964. 

From the 80 phases initially planned (20 subjects x 4 
phases per subject), a total of 62 phases were successfully com
pleted. 

Four phases were incomplete for the following reasons: 

- subject vomited during the aspiration period (two 
phases; one 45 min and another 33 min after administration 
of Ensure Pluse); 

- movement of the tube toward the stomach (two 
phases; one 40 min and another 100 min after administration 
of Ensure Pluse). 

Fourteen phases were not been pedormed for the following 
reasons: 

- failure to position the duodenal lumen within a 
reasonable period (approximately 15 min) (7 phases); 

- failure to aspirate samples from the duodenum partly 
due to creation of a vacuum in the duodenum (two phases); 

- subject's decision to terminate his/her participation 
in the study (five phases). 

Study Protocol 

The study was pedormed on two separate experimental 
days in each subject. Alcohol and any over-the-counter 
medication were discontinued 3 days prior to and throughout 
each experimental day, whereas food intake was discontinued 
for at least 12 h prior to the start of each experimental day and 
water was restricted on the morning of the experimental day. 
At about 8 AM on the experimental day, the subject arrived at 
the clinic and, after a brief screening of his/her health status 
by a physician, the upper throat was sprayed with lidocaine. 

Experimental Day A 

The subject was intubated nasally using a sterile dis
posable tube (Levin #14). The tube is approximately 120 em 
long with an external diameter of 4.9 nun. The tube was 
placed in the antrum of the stomach (under fluoroscopic 
guidance) and used for both manual administration of meals 
and manual aspiration of samples. Two hundred and fifty 
milliliters of mineral water containing 10 mg mL - 1 PEG 4000 
as a nonabsorbable marker were administered through the 
tube and -20-mL samples were drawn and placed imme
diately on ice every 20 min for 60 min. Ninety minutes after 
water administration, 500 mL of Ensure Pluse containing 
10 mg mL - 1 PEG 4000 were administered to the antrum 
through the tube, and -20-mL samples were drawn and 
placed immediately on ice every 30 min for 210 min. 
Immediately after each sample was taken, 20 mL of air was 
pumped into the sampling tube to clear the contents back 
into the lumen (total internal volume of the tube was 
estimated to be -13 mL). After the last sample and before 
removing the tube/discharging the subject, the position of 
the tube was confirmed fluoroscopically. 
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Experimental Day B 

The subject was intubated nasally using a sterile two 
lumen duodenal tube (model 455400 ch.15.0 Ruesch, Stutt
gart, Germany). In contrast to some previous aspiration 
studies [e.g., (14)), no attempt was made to isolate the 
aspiration segment from the rest of the GI contents. The two 
lumen tubes were approximately 150 em long with an 
external diameter of 4.7 mm and a metal tip at its distal 
end. A series of holes 27-36 em proximal to the metal tip was 
used to access the antrum of the stomach. A further series 
of holes 0-10 em proximally to the metal tip was used to 
aspirate samples from the duodenum (near the ligament of 
Treitz). Insertion of the tube was assisted by a hydrophilic 
guiding wire and its position was monitored fluoroscopically. 
After reaching its final position and removin~ the wire, 
250 mL of mineral water containing 10 mg mL- PEG 4000 
as a nonabsorbable marker were administered using 60-mL 
(capacity) syringes to the antrum. Thirty minutes after ad
ministration of water a -20-mL sample from the duodenum 
was aspirated over ice. One hour after administration of 
water, 500 mL of Ensure Plus• containing 10 mg mL - 1 PEG 
4000 were administered to the antrum using 60-mL syringes 
over a period of 8-10 min. Samples of up to 20 mL were 
aspirated over ice from the duodenum every 30 min for 
210 min after completion of administration of Ensure plus•. 
Immediately after each sample was taken, 20 mL of air was 
pumped into the tube to clear its contents back into the 
lumen (total internal volume of this sampling tube was esti
mated to be -18 mL). At the end of the experimental day 
and before removing the tube/discharging the subject, the 
final position of the tube was confirmed fluoroscopically. 

HaodliDg aod Analysis of Samples 

Each aspirated sample was immediately divided into 
several subsamples and each subsample was used for 
measuring just one parameter. 

pH and buffer capacity measurements were performed 
on the first subsample immediately upon aspiration. pH 
values were measured by a pH electrode (ER350B, Metrohm, 
Herisau, Switzerland). Because of subsample volume restric
tions, buffer capacities were measured in just one pH direc
tion, by dropwise addition of either NaOH (samples from 
fasted stomach) or HO (samples from fed stomach, fasted 
duodenum, and fed duodenum). It is worth mentioning that 
titrating FaSSIF or FeSSIF with HO has indeed proven to be 
more appropriate than titrating with NaOH (24). Buffer 
capacity was calculated according to the following definition: 
the sample has a buffer capacity value of 1 when one equiva
lent of strong acid or alkali is required to change the pH value 
of 1 L by one pH unit (25,26). 

Effect of Sample Handling on pH Results. The pH of 
some subsamples was also measured after maintaining the 
sample at room temperature without stirring for up to 20 min, 
to determine whether any drift in the value with time/exposure 
to open air occurs. 

Protein Content: Immediately upon aspiration and 
before storage at - 70°C, gastric subsamples in which total 
protein content was to be measured were titrated to pH 1 
to inhibit proteolytic activity of pepsin (27). Similarly, in 
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duodenal aspirates phenylmethylsulfonyl fluoride (PMSF) 
was added to inhtbit trypsin activity by achieving an end con
centration of 1 mM (28). Total protein content was de~er
mined using a commercially available kit (BCA, Protein Assay 
Reagent Kit; Pierce, Rockford, IL, USA) and albumin as a 
standard. The quantification limit was calculated (29) every 
analytical day and it was always less than 0.300 mg mL - 1

• 

Pepsin Activity: Immediately upon collection and before 
storage at -700C, gastric subsamples in which pepsin activity 
was to be measured were titrated to pH 6 (27). Pepsin activity 
was measured by a modification of the method described by 
Anson (30), and quantification was based on hog pepsin as a 
standard. The quantification limit was calculated (29) to be 
0.010 mg mL-1• 

All the remaining subsamples were stored at -70°C 
immediately after collection. Surface tension was measured 
using the DeNouy ring method (Sigma70, KSV Instruments, 
Monroe, CT, USA). Osmolality was measured by using the 
freezing point depression technique (semimicro osmometer 
Typ Dig L; Knauer, Berlin, Germany). Total 3a-hydroxy bile 
acid levels were determined using a commercially available 
kit (Enzabile; Nycomed, LidingO, Sweden) and the quantifi
cation limit (29) was 500 pM. This kit should only be used for 
assaying 3a-hydroxy bile salts in simple aqueous samples and/ 
or nonprotein based media after appropriate dilution of the 
sample with equine serum (which does not contain any bile 
salts) [e.g., (31)]. PEG 4000 was determined by the method 
described by Malawer and Powell (32) and modified by 
Buxton et al. (33). The quantification limit (29) of the 
polyethylene glycol (PEG) assay method was 3.33 mg 
mL - 1• Total carbohydrate content was determined by a 
modification of the method described by Galanos and 
Kapoulas (34), using glucose as a standard. The quantifi
cation limit (29) was 0.800 mg mL - 1

• 

The physicochemical characteristics of the administered 
meals, determined using the analytical techniques described 
above and information from the manufacturers, are presented 
in Table I. 

Data Analysis 

Data are presented as box plots showing the median 
value, the lOth, 25th, 75th, and 90th percentiles, and the 

Table L Physicochemical Characteristics of Administered Liquid 
Meals 

Volume (mL} 
Calories (kcal) 
Osmolality (mOsm kg- 1) 

pH 
Buffer capacity 

(mmol L - 1 ApH - 1) 

Surface tension (mN m- 1) 

Total proteins (mg mL - 1) 

Carbohydrates (mg mL - 1
) 

Fat (mg mL - 1) 

Ensure Plus~ 
Water containing containing 
10 mg mL - 1 PEG 10 mg mL - 1 PEG 

250 
0 

16 
7.8 
1 

62.0 

500 
750 
610 

6.6 
24 

42.4 
62 

202 
49.2 
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outlier data points, with triangles indicating the mean value. 
The number of subjects that contributed to a specific box plot 
is indicated in parentheses above/below each box. Data from 
a minimum of four subjects was used as the basis for con
structing a box plot. Only the data exceeding the quantifica
tion limit (LOQ) have been included in the box plots. Data 
biased to higher values because the number of samples less 
than LOQ was equal to or greater than the number of 
samples with greater than LOQ are clearly designated in the 
text. For each pammeter, differences between times were 
evaluated with one-way ANOVA or the Kruskal-Wallis test. 
When data did not vary with time, differences between 
pooled fasted data and pooled fed data were performed with 
the unpaired t test or the Mann-Whitney test. Decision on 
the use of a parametric or a distribution-free test was made 
on the basis of the normality and the equal variance tests. 
Comparisons of pH data were always made with distribution
free tests. All statistical comparisons were performed using 
Sigmastat 2.03 (SPSS Inc., Chicago, IL, USA). 
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RESULTS AND DISCUSSION 

Fasted Stomach 

Data measured in the fasted stomach are presented in 
Fig. 1. 

Polyethylene Glycol: Median PEG concentration 20 min 
after administration of water was only 40% of the input 
value (4.0 mg mL - 1

). Because the number of samples with 
PEG concentrations <LOQ was the same as the number of 
samples having values >LOQ (nine, Fig. 1), data are biased 
to higher values. Therefore, at 20 min, at least 60% of the 
contents must have consisted of secretions. Because resting 
volumes are of the order of 25 mL (35), this rather substantial 
dilution is attributed to secretions by the gastric mucosa, 
incoming saliva, and, possibly, incoming nasal secretions 
generated by the presence of the tube into the nostrils and/or 
the pharynx (36). Due to sample volume limitations, data at 
later time points were not collected. The dilution of contents 
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Fig. L Box plots for the samples aspirated from the antrum of fasted healthy subjects after 
administration of 250 mL water containing 10 mg mL - t PEG 4000 into the antrum. 
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witbia the 20-min period after administration of water bad an 
impact on pH, buffer capacity, pepsin levels, and osmolality. 

pH: Intersubject variation was high (range of individual 
pH values was 1.23-7.36). Extreme high pH values may in 
some cases reflect an underlying hypochlorhydria [two sub
jects in our study consistently showed (at all sampling times) 
pH values close to neutral], but in most cases they probably 
reflect the dilution of gastric contents with saliva and/or nasal 

pH 
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secretions [the baseline pH of saliva ranges from 5.45 to 6.06 
and upon stimulation, the pH rises by about two pH units to 
a maximum of 7.8 (37)]. Median pH value was 2.4 twenty 
minutes after administration of water and stabilized to 1.7 at 
later time points. However, the decline over time did not 
achieve statistical significance (p = 0.223). pH values of 1.7 at 
late time points are in agreement with the generally accepted 
value for fasting gastric pH, which is usually measured to be 
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Fig. Z. Box plots for the samples aspirated from the antrum of fasted healthy subjects after 
administration of SOO mL Ensure Plus• containing 10 mg mL -I PEG 4000 into the antrum. 
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about 2 or slightly lower (12-17). The pH of fasting gastric 
aspirates remained unchanged when the samples were 
maintained at room temperature for up to 20 min. 

Buffer Capacity: The median value for buffer capacity 
20 min after administration of water was 7 mmol L -t ApH- 1 

and increased to about 18 mmol L -t ApH-1 at later time 
points (p < 0.001 ). 

Pepsin: Median values ranged from 0.11 mg mL-1 at 
20 min to 0.22 mg mL - 1 at 60 min (NS, p > 0.05}. In the 
literature, values reportei:l for pepsin concentration are higher. 
Schmidt et aL (19) report a value of 0.87 mg mL - 1 (determined 
by hydrolysis of hemoglobin at pH 1.7 and by using hog pepsin 
as standard) and Lambert et al. (38} reported values of 
0.83-1.27 mg mL - 1 (determined with an analytical technique 
similar to that used in this study). An important method
ological difference between the present and the previous 
studies is that no water seems to have been administered 
prior to collecting aspirates in the previous studies (19,38). 

Osmolality: Although gastric contents were clearly 
hyposmotic, osmolality was lower at early time points (98 
mOsm kg- 1 at 20 min) and plateaued to about 140 mOsm 
kg - 1 at later times (p = 0.026). These values are consistent 
with those reported earlier by Gisolfi et al. (39) (mean of 
29 mOsm kg -t over an 85-min exercise period during which 
1,850 mL water was concurrently administered), by Lindahl 
et al. (14) (191 mOsm kg- 1

, without prior water admin
istration), and by Davenport (37) (171-276 mOsm kg-t, no 
indication of whether water was preadministered). 

Surface Tension: Surface tension was practicaily unaf
fected by water administration, with median values ranging 
from 41.9 to 45.7 mN m- 1 during the first hour after the 
administration of water. These values are similar to pre
viously reported results (40,41). Some investigators have 
attributed the low surface tension of ·gastric contents (pure 
water has a surface tension of 72 mN m-1

) to a reflux of 
duodenal contents (42,43). However, others have shown that 
this cannot be the reason in all subjects, as in many of them 
the bile salt levels in gastric aspirates are below the limits of 
detection (41,44-46). It is interesting to note that pepsin alone 
(at physiological relevant concentrations) is able to decrease 
the surface tension of water to about 57 mN m - 1 (4). 

Bile Acids: Bile acids, if any, were present at concen
trations below the quantification limit of analytical method 
used in this study (i.e., less than 500 JJM). However, bile salts 
at concentrations up to 1 mM (refluxed from the duodenum) 
have been quantified by other research groups in the fasted 
stomach (14,41,43,47). It is worth mentioning that in some of 
the earlier studies, samples were aspirated from the resting 
gastric contents ratlter than during gastric emptying of water 
from the stomach. From convectional considerations, one 
might reasonably expect tltat duodenal reflux would be more 
pronounced during resting conditions titan during active 
gastric emptying of a liquid. 

Fed Stomach 

Data for tlte fed stomach are presented in Fig. 2. In 
agreement with literature data (33), tlte analytical method 
employed in our study for measuring PEG levels was not 
reliable in the presence of high nutrient concentrations. There-
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fore, an accurate picture of dilution or concentration of gastric 
contents over time in the fed state was not possible. 

pH: Thirty minutes post-Ensure Plus• administration, 
the median gastric pH was 6.4 and intersubject variability was 
low. This value is close to the pH value of Ensure Plus• (6.6). 
Although intersubject variability increased with time, median 
pH values gradually decreased (p < 0.001) to reach 2.7 at 210 
min, indicating that the meal effects on intragastric pH were 
still apparent 3 h and 30 min after the meal was given. The 
time required to restore the fasting pH levels depends mainly 
on the composition and the quantity of the meal, whereas the 
input pH value seems to be of secondary importance. For 
example, the time for gastric pH to return to fasting levels 
after administration of 580 mL of a pH 5.6 meal (651 mOsm, 
1,000 kcal) was about 2 h (13), whereas after administration 
of 400 mL of a pH 6 meal (540 mOsm, 458 kcal) it was 
about 1 h (11). pH of gastric aspirates drifted in both 
directions by 5-25% within 15 min when the samples were 
kept at room temperature. 

Buffer Capacity: As with pH, variability increased with 
time. Unlike pH, no trend in the median value was apparent. 
During the 30- to 210-min sampling period, median values of 
buffer capacity ranged from 14 to 28 mmol L - 1 ApH-1, close 
to input value (Table 1}. These values are significantly higher 
than the values measured 20 min after administration of 
water (p < 0.001), but are not different from values measured 
at times longer then 20 min after the administration of water. 
Higher total buffer content of gastric contents in the fed com
pared to the fasting state has also been reported by others; 
when 10 mL of homogenized meal (500 mL, 546 kcal, -50% 
from lipids) was incubated with 20 mL of fresh gastric juice, a 
33% increase in buffer capacity in 2 h was generated (48). 

Pepsin: Both median values and intersubject variability 
remained fairly constant with time. During the 30- to 210-min 
sampling period, pepsin levels ranged from 0.26 to 0.58 mg 
mL -t. These values are significantly different (p = 0.006) and 
up to twice as high as those measured in fasted state (Fig. 1}. 
However, they are lower than the values found in the study 
of Lambert et aL (38}, where pepsin levels in gastric aspirates 
after intravenous administration of insulin or betazole 
(histalog) were reported to be 0.56-1.72 mg mL -t and also 
lower than the values found in the study of Schmidt et aL 
(19}, where values of 1.25 and 1.68 mg mL-1 were reported 
after stimulation with histamine or with insulin, respectively. 
Again, these differences can be attributed to differences in 
the study protocols; in the earlier studies, which recruited 
subjects hospitalized for various disorders, induction of the 
fed state was performed pharmacologically rather than by 
administration of a meal, leading to substantially lower 
intragastric volumes and thus, higher pepsin concentration. 

Osmolality: Both the median value and intersubject 
variability decreased with time after ingestion of the meal. 
The median value 30 min after the administration of the 
Ensure Plus• was 559 mOsm kg-t, whereas at 210 min it 
decreased to 217 mOsm kg-1 (p = 0.001). Mertz and Poppe 
(20) reported a range of 262-306 mOsm kg -t for osmolality 
after intravenous infusion of betazole (an analog of hista
mine); therefore gastric secretions under fed simulating 
conditions are isoosmotic or only slightly hyperosmotic and 
the high osmolality of fed aspirates in this study can be 
attributed to the hyperosmolarity of the administered meal. 
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Surface Tension: Surface tension values showed remark
able reproducibility and during the entire aspiration period 
median values ranged from 30 to 31 mN m -t, i.e., they were 
30% lower than in the fasting state (p < 0.001). 

Bile Salts: Only one sample had a bile content above 
the quantification limit (i.e., higher than 500 pM). In the 
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literature trace levels of bile salts have been reported to be 
present in the fed stomach [mean value = 60 pM (43)]. 
Because of the high limit of quantification of our method, it 
is not surprising that no bile salts could be detected in the 
stomach either fasted or fed and it is not possible from our 
results to say whether bile salts are refluxed or not. 
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Fig. 3. Box plots for the samples aspirated from the distal duodenum of fasted healthy subjects after 
administration of 250 mL water containing 10 mg mL - t PEG 4000 into the antrum. 



171 

Total Protein and Carbohydrate Content: The median 
values for total protein and total carbohydrate content 
decreased gradually from 23.3 and 152.1 mg mL -J, 
respectively, at 30 min to 11.2 and 49.1 mg mL -J, respectively, 
at 210 min after the meal's administration. The substantial 
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presence of nubients 210 min after administration of the meal 
is in accordance with the higher than baseline pH level dis
cussed earlier. However, it should be noted that, in Fig. 2, total 
protein data are biased to higher values because the total 
number of samples with values <LOO (sixty one) was higher 
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than the total number of samples with total protein values 
>LOO (forty five, Fig. 2). 

Futed Dnodenum 

Data obtained from duodenal aspirates after adminis
tration of water are presented in Fig. 3. 

Polyethylene glycol: Median PEG value was 4.3 mg 
mL - 1

, similar to the gastric value 20 min after administration 
of water. These results provide an indication that any water 
absorption across the duodenal wall is balanced by the 
baseline bile and pancreatic secretions. However, it should 
be noted that, in Fig. 3, PEG data are biased to higher values 
because the total number of samples with values <LOQ 
(eight) was higher than the total number of samples with 
total protein values >LOQ (seven, Fig. 3). 

pH: As in the fasting stomach, pH values were highly 
variable. However, the variability observed in the fasted 
duodenum may be related to reasons other than those specu
lated for the fasting stomach. According to Woodtli and 
Owyang (49), intersubject variations of the pH are re~ated to 
the different phases of interdigestive motility. Moreover, in 
our study it was confirmed that the two subjects with the 
lowest intraduodenal pH values were those for which the 
tube was slightly moved upwards during the experimentation 
period and, therefore, aspirated sample corresponded to the 
descending part of the duodenum (i.e., close to or even 
proximal to the sphincter of Oddi). At the other extreme end, 
the subject with a slightly alkaline pH in the duodenum was 
the one that showed almost neutral gastric pH in the fasting 
state. The median pH value was 6.2. This is in agreement 
with median fasting duodenal pH values reported in the 
literature, which vary from 5.95 to 6.72 (10-13,15,50,51). pH 
of duodenal aspirates drifted to higher values, increasing by 
up to 6% within 20 min at room temperature. This could be 
related to a slow transformation of bicarbonates to carbon 
dioxide under zero-convection conditions (52). 

Buffer Capacity: Median buffer capacity was 5.6 mmol 
L 1 .1-pH- 1, i.e., much lower than the median gastric value. 
To the best of our knowledge, there is only one relevant 
-fltudy in which the concentration of bicarbonates immediately 
next to the duodenal bulb was (albeit indirectly) measured. 
By measuring pH and partial pressure of carbon dioxide (53), 
the concentration was found to be about 6.7 mM. 

Osmolality: Contents were hypoosmotic (median 
value == 178 mOsm kg- 1

). Data are in accordance with 
those reported by Gisolfi et aL (39) (142 mOsm kg - 1 in 
intestinal fluids aspirated 25 em from pylorus) and, as would 
be expected, lower than the value reported by Lindahl et aL 
(14) for jejunal aspirates (271 mOsm kg- 1). 

Surface Tension: As in the fasted stomach, this param
eter showed the least variability. However, the median value 
(32.3 mN m - 1

) was much lower than the gastric value, 
presumably as a result of the higher level of surface active 
agents such as bile salts and enzymes. 

Bile Salts: The median value was 2.6 mM, similar to the 
value reported by Lindahl et aL (14) for the concentration of 
bile salts in jejunum during fasted state conditions (average 
2.9 mM), but lower than the values found by other 
investigators for fasted duodenal contents [4.3--6.4 mM (5)]. 
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Total Protein Content: The· median value was 3.1 mg 
mL - 1 and corresponds to enzymes arriving into duodenum 
from the stomach (e.g., pepsin, data not shown), the pan
creas, and the bile duct [10 g of protein are secreted by 
the liver into the bile every day in a 70-kg man (54)]. 
However, this value probably overestimates the actual aver
age intralumenal total protein content. because the number of 
samples with values >LOQ (seven, Fig. 3) was only slightly 
higher than the number samples with. total protein values 
<LOQ (six). It should be noted that the average total pro
tein content of fasted jejunum has been reported to be 
2.1 mg mL - 1 (14). 

Fed Duodenum 

Data for the characterization of the luminal contents in 
the fed duodenum are presented in Fig. 4. 

Polyethylene Glycol: Although median values were 
close to input PEG concentrations, data were extremely 
variable, suggesting that in some cases there was significant 
water absorption whereas in others there was significant 
water secretion. Postprandial values were on the average 
significantly higher than those 20 min after water adminis
tration (p = 0.006). 

pH: Data were less variable than in the fasting state. 
The median duodenal pH 30 min after meal administration 
was 6.6, somewhat higher than the fasting state value, but it 
fell (p < 0.001) slowly to 5.2 at 210 min after the admin
istration of Ensure Pluse. Although the pH decrease with 
time in the fed upper small intestine is known (10,11), earlier 
data had suggested that it occurs faster than in the present 
study and that perhaps the return to the higher pH levels of 
the fasted duodenal lumen was also faster (11 ). In the latter 
study, the energy content of the meal was 458 kcal, with 
40% of calories coming from carbohydrates, 20% from 
proteins, and 40% from fats (11). The meal administered in 
the present study had similar percentage of calories coming 
from proteins (the major buffering species among nutrients), 
but contained much higher total energy content (Table I). 
Therefore, the buffer capacity is expected to be higher in this 
study and this could possibly account for the different time
scale of progression of the pH value. The pH of duodenal 
aspirates drifted slightly by up to 3% to lower values within 
10 min of storage at room temperature. This is speculated to 
be related to the creation of digestion products with acidic 
properties (e.g., digestion of triglycerides). 

Buffer Capacity: Median values were between 18 and 
30 mmol L - 1 .1-pH-1 without showing a specific trend over 
time. These values are significantly higher than those mea
sured after water administration (p < 0.001). Based on 
medians, the picture is similar to the corresponding gastric 
data in the fed state (Fig. 2). It is interesting to note that the 
extremes in buffer capacity results (high and low) correspon
ded with the extreme PEG values, i.e., with extremes in net 
water flux behavior. However, variability in net water flux 
did not impact the intraduodenal pH (as discussed above), 
presumably because intraduodenal pH values, the pH of the 
meal, and the pH of secretions are all close to neutral. 
Literature data on buffer capacity in the fed duodenum are 
very limited. Rune (55) measured the pH and the partial 
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pressure of carbon dioxide in samples aspirated 10 em lower 
than the pylorus 3 and 3.75 h after administration of a meal 
(393 kcal with 39% fats and 51% carbohydrates); estimated 
bicarbonate concentrations were 10 and 23 mEq L - 1 (55). 

Osmollllity: As with both the PEG and the buffer 
capacity data, osmolality data showed increased variability. 
The increased variability may be related to the extremes in 
net water flux observed in some cases and would support 
the diverse clinical data with regard to the effects of input 
osmolality on intralumenal water absorption and secretion 
(39,56--ro) that have been reported in the literature. Based 
on median values, duodenal contents were hyperosmotic over 
most of the aspiration period but achieved isoosmolality (287 
mOsm kg - 1

) first at 210 min. Values were significantly higher 
than those after water administration (p < 0.001). Ensure 
plus1111 contains a disaccharide (25% of total carbohydrate 
is sucrose), and, like the FDA meal, complex carbohydrates 
(34% of total carbohydrate is maltodextrin). Gradual hydro
lysis of carbohydrates and, perhaps, increased intestinal 
residence prior to their absorption [41% of total carbohy
drates is com syrup that contains mainly fructose; fructose is 
absorbed three to six times slower than glucose from the gut 
(36)] generate higher luminal osmolality (54). 

Surface Tension: Surface tension, as in all previous 
phases, showed the least variability. Medians were very low 
and ranged between 28.1 and 28.8 mN m-1

• Values were 
significantly different from those measured after water 
administration (p < 0.001 ). 

Bile Salts: Data showed higher variability in the fed 
state. but results tended to decrease and become more con
sistent with time. Extreme low values were associated with 
sampling from the upper-middle duodenum, i.e., close to or 
even proximal to the sphincter of Oddi. Medians dropped 
from 11.2 to 5.2 mM at 180 min postdosing. Amtand eta/. 
(61) reported mean values of 6.7-13.4 mM up to 4 h after a 
960-kcal meal (67.5% of calories were from lipids). Fausa 
(62) reported a mean concentration of 14.5 mM for bile salts 
at 30 min after administration of the meal (300 mL) and 
5.2 mM between 30 and 60 min after administration of 
the meal. 

Total Protein and Carbohydrate Content: Total protein 
content and total carbohydrate content were variable but 
much lower than input values over the entire aspiration 
period. However, data for total protein content are probably 
biased to higher values because the total number of samples 
with values <LOQ (twenty nine) was only slightly less than 
the number of samples with values >LOQ (thirty, Fig. 4). The 
high total protein content even 180 min after administration 
of the meal, significantly different than the content measured 
after water administration (p = 0.005), can be attributed 
partly to the increased presence of enzymes and partly to the 
presence of proteins in Ensure plus1111

• Casemates, as well as 
other phosphopeptides that are present both in Ensure plus1111 

and in the meal administered in BAIBE studies, are known to 
be relatively resistant to enzymatic digestion, and their 
digestibility may be affected by the presence of starch (54). 
With regard to carbohydrates, significant amounts were still 
present 180 min after administration of the meal. Although 
some carbohydrates may be contributed by the bile (37 ,53}, a 
part of the carbohydrates measured would have been 
contributed by the maltodextrins [i.e., degradation products 
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of starch; 2-20% of dietary starch and, perhaps, fructose 
escape absorption in the small bowel (64-66)]. It is worth 
mentioning that the FDA meal, which is often administered 
in BAIBE studies, also contains fructose (in orange juice) 
and starch. 

CONCLUSION 

The foregoing results confirm that there are very sub
stantial differences in well-characterized parameters such as 
pH and bile salt concentrations between the fasted and fed 
states. Furthermore, substantial differences were established 
in less well-characterized, but pharmaceutically important, 
parameters such as buffer capacity, osmolality, and volume of 
luminal contents. A key difference between this study and 
previous studies was the attempt to simulate usual dosing 
conditions in a bioavailability/bioequivalence study. For 
experimental reasons (potential for clogging of aspiration 
tubes), it was not possible to aspirate after administration of 
the standard FDA meal. However, a fluid "total nutrition 
drink" with very similar carbohydrate/protein/fat ratios as 
well as most other physical chemical properties to the 
standard meal was substituted, making it possible to aspirate 
and still at least approximate the conditions usually adopted 
in bioavailability/bioequivalence studies. In addition, there 
have been very few studies published that have attempted to 
characterize luminal conditions in the duodenum after the 
administration of a meal. The data reported here suggest 
that, although the current biorelevant media better simulate 
the luminal environment much more nearly than standard 
compendial media, there is still some room for improvement. 
These results, coupled with a separate set of results charac
terizing the lipids in the GI tract in the fed state, will be used 
to design a "second generation" of biorelevant media. 
Potential uses of these media would be for characterization 
of solubility, dissolution, and permeability properties of drugs 
and dosage forms. 
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Chromium, an essential element in the human body required for 
proper carbohydrate, protein, and fat metabolism, is reported to 
impair gestational development of offspring of workers chronically 
exposed to this metal in the work place. Workers in chromium based 
industries can be exposed to concentrations two orders of magnitude 
higher than the general population (Hemminki and Vainio 1984). 
Among the general population, residents living near chromate pro
duction sites may be exposed to high levels of chromium (VI) in air 
or to elevated levels (40 - 50,000 ppm) of chromium in effluents 
(Rumar 1987). Shmitova (1978,1980) reported afterbirth and puerp
era 1 hemorrhages in women industrially exposed to this metal and 
observed high chromium levels in blood and urine of pregnant women 
and in fetal and cord blood. Chromium readily passes the placental 
barrier and reaches the growing fetus (Tipton 1960; Pribluda 1963). 
Exposure of mice to chromium during various gestational periods 
resulted in embryo and fetotoxic effects (Junaid et al. 1995, 1996). 

Pribluda (1963) reported that the chromium content of bones of 
pregnant rats decrease with the advancement of gestation. Such 
released chromium may reach the circulatory system and enter 
feto-placental tissue through the placental barrier. Therefore, it 
was thought worthwhile to ascertain the role of body chromium 
accumulated pregestationally on embryo and fetal development and 
its subsequent transfer to feto-placental sites . 

MATERIALS AND METHODS 

Sixty, 4-month old, Swiss albino, female mice (body weight 30 ::!: 5 
gms) of proven fertility from the Industrial Toxicology Research 
Centre colony were divided into four groups of fifteen mice each. 
Group I was given drinking water and served as the control, while 
groups II, III, and IV were treated with 250, 500 and 750 ppm 
chromium (VI, as potassium dichromate), respectively, in drinking 
water for 20 days [time required for complete development of an 
ovarian follicle (Pederson 1970]. The selection of doses was based 
on our earlier study (Trivedi et al. 1989) and the fact that the 
average chromium intake of humans is approximately 200 ug/day in 
drinking water (NRC 1989). The animals were individually housed 

Co"espondence to: D. K. Saxena 

327 



under standard animal house conditions (room temprature 20-2200, relative humidity 50±5%) where a regular cycle of 12 hrs light: 12 hrs darkness was maintained and were provided with feed pellets (Lipton India Ltd.) and water ad libitum. The dams were observed daily for water intake and clinical signs of toxicity. After 20 days, females were mated with normal healthy, adult males and females were checked for pregnancy the next morning. The day that the vaginal plug was found was designated as 'O'day of gestation. Mothers were weighed and kept individually in plastic cages. Ten pregnant females were randomly selected from each group, weighed, and sacrificed on the 19th day of gestation under ether anesthesia and caesarian sections performed. Blood from five animals from each group was withdrawn from the heart in heparinized vials and kept at -20°C for chromium estimation. One fetus plus placenta/litter was also kept at -20°C for chromium estimation. Both ovaries were removed and the number of corpora lutea was determined. Total implantations, the number of fetuses/litter, the number of live/dead fetuses, crown-rump length, the number of resorptions, and the weight of the fetuses and their respective placenta were recorded. Pre and post-implantation loss (%) was calculated as described by Palmer et al. (1978). Remaining fetuses were examined for gross external abnormalities and 113 of these fetuses were fixed in Bouin's fluid for examination of visceral abnormalities (Wilson 1965}, while the others were fixed in 95% ethanol, eviscerated, and stained by the Alizarin red S method (Staples and Schnell 1964) for examination of skeletal deformities (Kelsey 1974). 

Known amounts of maternal blood, placentae and the fetuses were digested in Nitric acid:Perchloric acid (6:1) mixture till a white residue remained at the bottom of the flask. The residue was dissolved in 5.0 ml of 0.1 N Nitric acid and read on DC Plasma Emission Spectrophotometer (Beckman Spectrospan V). Blank and spiked samples were also run and analyzed simultaneously (Trivedi et al. 1989). The embryo- and feto-toxicity data in Table 1 and chromium estimation data in Table 3 were analysed by one-way ANOVA followed by Student's 't' test while gross and skeletal abnormalities data in Table 2 were analysed by Fischer's Exact Test (Brunning and Kintz 1977). 

RESULTS AND DISCUSSION 

The treated females did not show any notable change in behaviour or external features. Mortality (3 females; 20%) was observed in group IV. Autopsy of these animals could not establish the cause of death. Daily chromium (VI) intake as calculated by water consumed: 1. 9 :1: 0. 0 2, 3.56 :1: 0.03, and 5.23 :1: 0.07 mg Cr for groups II, III, and IV, respectively. Water consumption in the control group was 8.52 :1: 0.21 ml/mouse/day. No significant change in the weight of the mothers during the treatment was observed. Gestational weight gain of mothers in groups II and III was not significantly different when compared to controls; group IV registered no weight gain during gestation. 

We observed an absence of implantation in the uterine horns of 
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group IV mothers. While corpora lutea were present, their numbers 
were significantly reduced compared to the rest of the treatment 
groups. 

Group III had a significant (P<0.05) increase in the number of 
resorptions (37%) when compared with the control group. Decrease in 
fetal weight (39%) and crown rump length (28%) and increase in 
placental weight (63%) as well as pre-(25%) and post-implantation 
(37%) loss was evident in group III compared to the control group. 
No significant difference in the number of corpora lutea was 
observed in group III compared to group II. 

There was a significant (P<0.05) decrease in fetal weight (30%), 
placental weight (7%) and crown-rump length (17%) and an increase 
in post-implantation loss (18%) in group II compared to the control 
(Table 1). No dead fetuses were observed in any of the treated 
groups. 

The fetuses of group III had higher (P<0.05) number of sub-dermal 
haemorrhagic patches and kinky and short tails. The number was 
markedly higher than for the control and group II animals (Table 2) 

No major skeletal abnormalites was observed in any of the treated 
groups. Significantly reduced ossification in caudal, parietal and 
interparietal bones of the fetuses of group III was observed in 
treated mothers (Table 2). Soft tissue examination did not reveal 
any significant deformities in any of the treated groups. 

Blood chromium was signifcantly higher in group IV compared to 
all other groups whereas that of groups II and III was elevated 
compared to controls. Placental chromium concentration increased 
in a dose-dependent manner in groups II and m compared to con
trols. Fetuses of mothers in group III had significantly higher 
chromium concentrations compared to fetuses of control and group II 
mothers (Table 3). 

Chromium (VI) is reported to pass the placental barrier and accu
mulate in fetal tissues (Shmitova 1980). The presence of chromium 
(VI) in fetuses and infants has been reported in women working or 
living near the dichromate industries (Shmitova 1978). It was also 
noticed that women working in chromium-based industries for many 
years experienced abnormal menses, which was attributed to 
ovarian-hormonal impairment (Ross 1978). Tipton (1960) reported the 
transfer of chromium from the mother to the bones of the developing 
fetus in humans. In rats, the pregestationally retained chromium is 
reported to pass to the developing fetuses if exposure is stopped 
during gestation (Pribluda 1963). 

Chromium speciation, concentration, and duration of exposure are 
important variables influencing tissue distribution. Gastro
intestinal uptake of chromium is 2 - 10 % of the dose in both 
1nimam and laboratory animals. Shiraishi and Ichikawa (1972) re
ported that the bones and kidneys of rats contained the highest 
chromium concentration in comparison to other tissues monitored 
following oral administration of chromium (VI). 
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Table 1. Chromium-induced embryo- and feto-to:ldcity in mice treated during the pregestational period. 

Parameters Group I Group II Group liT Group IV (Control) (250 ppm) (500 ppm) (750 ppm) 

Weight gain in mothers (g) 14.40 ± 1.01 13.43 ± 0.50 12.38 ± 0.49 1.7 ± 0.93 Number of corpora lutea/mice 7.9 ± 1.01 7.4 ± 0.50 7.3 ± 0.37 4.-1 ± 0.50 abc* Number of implantations/mice 7.7 ± 0.74 6.8 ± 0.4:1 5.4 ± 0.27 a* 0 Number of live fetuses/mice 7.7 ± 0.7.1 5.6 ± 0.50 3.4 ± 0.24 ab* 0 Number of resorptions/mice 0 1.20 ± o. 44 2.0 ± 0.31 a* 0 Pre-implantation loss (X) 2. 77 ± 1.21 8.38 ±· 3.53 24.79 ± 2.17 ab* 100 X 
~ Post-i11plantation loss (X) 0 17.51 ± 2.22 a* 36.66 ± 4.94 ab* 0 Fetal weight (g) 1.59 ± 0.04 1.11 ± 0.04 a* .0. 97 ± 0. 03 ab* 0 Placental weight (g) 0.137 ± 0.003 0.128 ± o.005a* 0.223 ± 0.005ab* 0 Crown-rump length (em) 2.92 ± 0.07 2.41 ± 0.08 a* 2.09 ± 0.08 ab* 0 

Value represents mean ::!: S.E. of 10 female mice in each group. 

The significance of the difference among various groups was evaluated by applying one-way 
ANOVA followed by Student's 't' test (Brunning and Kintz 1977). 

* Significance p < 0.05. Comparison between two groups: a ·VB control; b -vs 250 ppm; c ·VB 500 ppm 
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Table 2. Incidences of gross and skeletal abnormalities in the pups of dams treated with 
chromium during the pregestational period. 

Parameters 

Gross abnormalities 
Number of pups/litters observed 
Drooping rist 
Sub-dermal hemorrhagic patches 
Kinky tail 
Short tail 

Skeletal abnormalities 
Number of pups/litter observed 
Reduced parietal ossification 
Reduced inter-parietal ossification 
Reduced caudal ossification 

Group I 
(Control) 

72/10 
0/10 
0 
0 
0 

48/10 
0 
0 

6/4 (12) 

Groupll 
(250 ppm} 

51/10 
0/10 
8/6 (16) 
0 

4/4 (9) 

34/10 
0 
0 

18/8 (53) a* 

Group m 
(500 ppm) 

19/10 
6/4 (32) 
8/4 (42) a* 
8/6 (42) a* 

10/4 (53) a* 

19/10 
12/10 (63) a* 
10/10 (53) a* 
18/10 (95) a* 

Gross and skeletal abnormalites are represented as number of abnormal pups/litters observed. 
The statistical significance was evaluated by Fisher's Exact test (Drunning and Kintz 1977). 
Percentage in parentheses calculated by the total number of pups observed. 

* Significance p < 0.05. Comparison between two groups: a-vs control 
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Table 3. Chromium concentrations in different tissues of mice treated during the pregestational period 

Tissue Groupl Groupll Group m Group IV (Control) (250 ppm) (500 ppm) (750 ppm) 

Blood 0.03 ± 0.007 0.05 ± 0.006 a* 0.06 ± 0.008 a* 0.13 ± 0.007 abc* (Jig/IlL) 

Placenta 0.09 ± 0.001 0.14 ± 0.008 a* 0.17 ± 0.002 ab* No implantation (pg/g:f.w.) 

Fetus 0.04 ± 0.008 0.07 ± 0.007 0.16 ± 0.013 ab* No implantation (Jig/g:f.w.) 

Values represent mean :I: S.E of 5 mice in each group. 

The significance of the difference among various groups was evaluated by applying one-way ANOVA followed 
by Student's 't' test (Brunning and Kintz 1977). • Significance p < 0.05. 
Comparison between two groups: a -vs control; b -vs 250 ppm; c -vs 500 ppm. f.w. q fresh weight. 



In the present study, the treated animals showed an increase in blood chromium concentration compared to controls, with the highest dose group (750 ppm) having the highest chromium concentrations. However, blood chromium concentrations of the 250 and 500 ppm dose group were not significantly different from one another. This may be attributed to the fact that chromium {VI) enters the red blood cells where reduction to chromium (Ill) and subsequent binding to hemoglobin takes place. Assimilation of chromium (VI) in excess of the amount that can be reduced and sequestered results in longer residence time of chromium (VI) in blood and, hence, greater exposure of body tissues (Saner 1980). Although we have not assessed the extent of chromium transfer from maternal tissues to fetal tissue in the present study, the results from previous studies suggest transfer of prestored chromium from maternal soft tissue and/or bones to the developing fetus (Fitzgerald et al. 1985). 

We observed a dose-dependent rise in placental chromium concentration as compared to the fetus. This may be due to the placenta acting as a barrier to retard passage of chromium from the mother to the fetus to safeguard fetal development and growth. The highest close group in this study (750 ppm) did not show any implantation. However, the release of ovum. as evidenced by the presence of corpora lutea, was apparent, although highly reduced in number compared to the rest of the treated and control groups. This reduction in number of corpora lutea may possibly be due to direct accumulation of chromium in ovarian tissue (Langard 1982) or reduced hormone levels (Mattison et al. 1983). 

Pre-implantation loss (100%) in the highest dose group may also be attributed to reduced hormone levels (Mattison et al. 1983) or impaired embryos, as reported earlier (Jacquet and Draye 1982). Chromium passed to the fetus could have resulted in reduced fetal ossification, influencing fetal development either through a direct effect on fetal tissue (Matsumoto et al. 1976) or impairment of placental physiology (Faulk 1981). 
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Purptne. This study was conducted to compare the luminal composition of the upper gastrointestinal tract in the fasted and fed states in humans, with a view toward designing in vitro studies to explain/ predict food effects on dosage form performance. 
Method& Twenty healthy human subjects received 250 mL water or 500 mL Ensure plus• (a complete nutrient drink) through a nasogastric tube and samples were aspirated from the gastric antrum or duodenum for a period up to 3.5 h, depending on location/fluid combination. Samples were analyzed for polyethylene glycol, pH, buffer capacity, osmolality, surface tension, pepsin, total carbohydrates, total 
protein content, and bile salts. 
Raults. Following Ensure plus• administration, gastric pH was elevated, buffer capacity ranged from 14 to28 mmoL L - 1 ApH- 1 (vs. 7- 18 mmol L - 1 ApH- 1) , contents were hyperosmolar, gastric pepsin levels doubled, and sUJface tension was 30% lower than after administration of water. Post- and preprandial duodenal pH values were initially similar, but slowly decreased to 5.2 postprandially, whereas buffer capacity increased from 5.6 mmol L -t ApH- 1 (fasted) to 18-30 mmol L - 1 ApH-1 (p < 0.05). Postprandial surface tension in the duodenum deaeased by >30%, bile salt levels were two to four times higher, 
luminal contents were hyperosmotic, and the preaence of peptide& and sugan was confirmed. 
Concl1181tm£ This work shows that, in addition to already well characterized parameters (e.g., pH, and bile salt levels), significant differences in buffer capacity, sUJface tension, osmolaUty, and food components are observed pre-/postprandially. These differences should be reflected in test media to predict food effects on intralumenal performance of dosage forms. 
KEY WORDS: Ensure plus•; fasted state; fed state; human gastric fluid; human intestinal fluid 

INTRODUCTION 

The in vivo pedormance of oral dosage forms is an 
important issue when a new chemical entity is to be admin
istered orally for first time in humans, when scale-up and 
postapproval changes to the dosage form are made, and when 
a generic formulation is to be evaluated for marketing autho
rization. To date, relevant bioavailability (BA)/bioequiva
lence (BE) information is obtained mostly with studies 
pedormed in healthy humans, making the procedure time
consuming and costly. During the last decade, the Biophar
maceutics Classification System (BCS) has introduced the 
possibility of obtaining a marketing approval for a generic 
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formulation based on dissolution test results in certain cases 
(1 ), whereas the development of biorelevant media for the 
in vitro assessment of intralumenal fate of dosage forms has 
improved our ability to predict in vivo pedormance (2-4). 

The initial compositions of the biorelevant media were 
based on existing intralumenal data (4-7). For various rea
sons, those data may not optimally reflect the in vivo 
situation during a standard BAIBE study. First, the buffer 
capacity, which is of primary importance for the dissolution 
characteristics of ionizable compounds, has not been well 
characterized in humans and the buffer capacity of biorele
vant media had to be based on canine data (5). Second, in the 
fasted state, intragastric composition may be highly depen
dent on the volume of coadministered water and, although in 
BA or BE studies a standard volume of water is coadminis
tered with the dosage form (8,9), characterization of human 
gastric environment has in many cases been pedormed with
out administration of water, or with unspecified volumes 
(10-15). Third, although the distribution of nutrients in the 
meals administered to characterize intralumenal conditions 
in the fed state was generally similar in previous relevant 
studies, meal energy content (which will affect gastric resi
dence time) varied dramatically; in most previous studies 
total energy content was substantially lower [e.g., 158 kcal 
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(10) or 300 kcal (16)] than the 800-1,000 kcal content of the 
FDA-recommended standard meal (17). Moreover, in studies 
where the meal composition was similar to the FDA meal, 
the intralumenal environment was only partly characterized 
(11,13,18). In addition to the buffer capacity, few or no data 
for osmolality and surface tension data in the fed state have 
been reported in the literature. Finally, in some studies, 
agents that induce the fed state rather than an actual meal 
have been administered to induce "fed state" conditions 
(19,20). This would minimize the intralumenal volume gen
erated and, as a result, the intralumenal concentrations may 
be exaggerated compared to those generated during a BA/ 
BE study. 

In this study we characterized the upper gastrointestinal 
(GI) contents under conditions simulating BAIBE studies 
both in the fasted and in the fed states with a view toward 
designing media for the in vitro study of food effects on 
dosage form performance. In doing so, we gave emphasis to 
parameters that have not been fully characterized in the past 
and/or which are expected to vary with the composition of 
the administered meal. Fasted state conditions were simu
lated by administering 250 mL of water to fasted subjects, 
whereas fed state conditions were simulated by administra
tion of 500 mL of Ensure plus• (21,22). It has previously 
been shown that Ensure plus• has a similar composition to 
that of the FDA meal that is commonly administered to 
study food effects in BAIBE studies (22). 

MATERIALS AND MEmODS 

Pb1111es of the Study 

The study consisted of four phases. Each subject was 
administered a specific volume of fluid in the stomach and 
samples were aspirated either from the stomach or from a 
location lower than the sphincter of Oddi in the duodenum as 
follows: 

Phase 1: Samples were aspirated from the antrum of 
stomach, after administration of 250 mL of water to the 
antrum through a nasogastric tube. 

Phase 2: Samples were aspirated from the antrum of 
stomach, after administration of 500 mL of Ensure plus• 
(21,22) to the antrum through a nasogastric tube. 

Phase 3: Samples were aspirated from the duodenum 
after administration of 250 mL of water to the antrum 
through a nasogastric tube. 

Phase 4: Samples were aspirated from the duodenum 
after administration of 500 mL of Ensure plus• (21) to the 
antrum through a nasogastric tube. 

Subjects 

Twenty healthy nonsmokers (16 males and 4 females) 
with a mean age of 25 years (range 2Q-32 years) gave 
informed consent and participated in the study. One subject 
was 24% heavier than his ideal body weight [as determined 
from the Metropolitan Life Tables (23)]. Body weights of all 
other subjects deviated from the ideal weights by less than 
10%. None of the participants had a history or any clinical 
evidence of gastrointestinal disease. The health status of each 
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subject was confirmed by physical examination and screening 
of blood parameters for renal and hepatic functions. 

The study was held in the Red Cross Hospillii of Athens 
after receiving approval by the Scientific and the Executive 
Committee of the Hospital. The study followed the tenets of 
the Declarations of Helsinki promulgated in 1964. 

From the 80 phases initially planned (20 subjects x 4 
phases per subject), a total of 62 phases were successfully com
pleted. 

Four phases were incomplete for the following reasons: 

- subject vomited during the aspiration period (two 
phases; one 45 min and another 33 min after administration 
of Ensure Plus~; 

- movement of the tube toward the stomach (two 
phases; one 40 min and another 100 min after administration 
of Ensure Plus*). 

Fourteen phases were not been performed for the following 
reasons: 

- failure to position the duodenal lumen within a 
reasonable period (approximately 15 min) (7 phases); 

- failure to aspirate samples from the duodenum partly 
due to creation of a vacuum in the duodenum (two phases); 

- subject's decision to terminate his/her participation 
in the study (five phases). 

Study Protocol 

The study was performed on two separate experimental 
days in each subject. Alcohol and any over-the-counter 
medication were discontinued 3 days prior to and throughout 
each experimental day, whereas food intake was discontinued 
for at least 12 h prior to the start of each experimental day and 
water was restricted on the morning of the experimental day. 
At about 8 AM on the experimental day, the subject arrived at 
the clinic and, after a brief screening of his/her health status 
by a physician, the upper throat was sprayed with lidocaine. 

Experimental Day A 

The subject was intubated nasally using a sterile dis
posable tube (Levin #14). The tube is approximately 120 em 
long with an external diameter of 4.9 mm. The tube was 
placed in the antrum of the stomach (under fluoroscopic 
guidance) and used for both manual administration of meals 
and manual aspiration of samples. Two hundred and fifty 
milliliters of mineral water containing 10 mg mL - 1 PEG 4000 
as a nonabsorbable marker were administered through the 
tube and -20-mL samples were drawn and placed imme
diately on ice every 20 min for 60 min. Ninety minutes after 
water administration, 500 mL of Ensure Plus• containing 
10 mg mL - 1 PEG 4000 were administered to the antrum 
through the tube, and -20-mL samples were drawn and 
placed immediately on ice every 30 min for 210 min. 
Immediately after each sample was taken, 20 mL of air was 
pumped into the sampling tube to clear the contents back 
into the lumen (total internal volume of the tube was 
estimated to be -13 mL). After the last sample and before 
removing the tube/discharging the subject, the position of 
the tube was confirmed fluoroscopically. 
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Experimental Day B 

The subject was intubated nasally using a sterile two 
lumen duodenal tube (model 455400 ch.15.0 Ruesch, Stutt
gart, Germany). In contrast to some previous aspiration 
studies [e.g., (14)], no attempt was made to isolate the 
aspiration segment from the rest of the GI contents. The two 
lumen tubes were approximately 150 em long with an 
external diameter of 4.7 mm and a metal tip at its distal 
end. A series of holes 27-36 em proximal to the metal tip was 
used to access the antrum of the stomach. A further series 
of holes 0-10 em proximally to the metal tip was used to 
aspirate samples from the duodenum (near the ligament of 
Treitz). Insertion of the tube was assisted by a hydrophilic 
guiding wire and its position was monitored fluoroscopically. 
After reaching its final position and removinf the wire, 
250 mL of mineral water containing 10 mg mL- PEG 4000 
as a nonabsorbable marker were administered using 60-mL 
(capacity) syringes to the antrum. Thirty minutes after ad
ministration of water a -20-mL sample from the duodenum 
was aspirated over ice. One hour after administration of 
water, 500 mL of Ensure Plus• containing 10 mg mL - 1 PEG 
4000 were administered to the antrum using 60-mL syringes 
over a period of 8-10 min. Samples of up to 20 mL were 
aspirated over ice from the duodenum every 30 min for 
210 min after completion of administration of Ensure plus•. 
Immediately after each sample was taken, 20 mL of air was 
pumped into the tube to clear its contents back into the 
lumen (total internal volume of this sampling tube was esti
mated to be -18 mL). At the end of the experimental day 
and before removing the tube/discharging the subject, the 
final position of the tube was confirmed fluoroscopically. 

Handling and Analysis of Samples 

Each aspirated sample was immediately divided into 
several subsamples and each subsample was used for 
measuring just one parameter. 

pH and buffer capacity measurements were performed 
on the first subsample immediately upon aspiration. pH 
values were measured by a pH electrode (ER350B, Metrohm, 
Herisau, Switzerland). Because of subsample volume restric
tions, buffer capacities were measured in just one pH direc
tion, by dropwise addition of either NaOH (samples from 
fasted stomach) or HO (samples from fed stomach, fasted 
duodenum, and fed duodenum). It is worth mentioning that 
titrating FaSSIF or FeSSIF with HO has indeed proven to be 
more appropriate than titrating with NaOH (24). Buffer 
capacity was calculated according to the following definition: 
the sample has a buffer capacity value of 1 when one equiva
lent of strong acid or alkali is required to change the pH value 
of 1 L by one pH unit (25,26). 

Effect of Sample Handling on pH Results. The pH of 
some subsamples was also measured after maintaining the 
sample at room temperature without stirring for up to 20 min, 
to determine whether any drift in the value with time/exposure 
to open air occurs. 

Protein Content: Immediately upon aspiration and 
before storage at -70°C, gastric subsamples in which total 
protein content was to be measured were titrated to pH 1 
to inhibit proteolytic activity of pepsin (27). Similarly, in 
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duodenal aspirates phenylmethylsulfonyl fluoride (PMSF) 
was added to inhtbit trypsin activity by achieving an end con
centration of 1 mM (28). Total protein content was deter
mined using a commercially available kit (BCA, Protein Assay 
Reagent Kit; Pierce, Rockford, IL, USA) and albumin as a 
standard. The quantification limit was calculated (29) every 
analytical day and it was always less than 0.300 mg mL - 1

• 
Pepsin Activity: Immediately upon collection and before 

storage at -70°C, gastric subsamples in which pepsin activity 
was to be measured were titrated to pH 6 (27). Pepsin activity 
was measured by a modification of the method described by 
Anson (30), and quantification was based on hog pepsin as a 
standard. The quantification limit was calculated (29) to be 
0.010 mg mL - 1

• 

All the remaining subsamples were stored at -70°C 
immediately after collection. Surface tension was measured 
using the DeNouy ring method (Sigma70, KSV Instruments, 
Monroe, CT, USA). Osmolality was measured by using the 
freezing point depression technique (semimicro osmometer 
Typ Dig L; Knauer, Berlin, Germany). Total3a-hydroxy bile 
acid levels were determined using a commercially available 
kit (Enzabile; Nycomed, LidingO, Sweden) and the quantifi
cation limit (29) was 500 JiM. This kit should only be used for 
assaying 3a-hydroxy bile salts in simple aqueous samples and/ 
or nonprotein based media after appropriate dilution of the 
sample with equine serum (which does not contain any bile 
salts) [e.g., (31)]. PEG 4000 was determined by the method 
described by Malawer and Powell (32) and modified by 
Buxton et al. (33). The quantification limit (29) of the 
polyethylene glycol (PEG) assay method was 3.33 mg 
mL - 1

• Total carbohydrate content was determined by a 
modification of the method described by Galanos and 
Kapoulas (34), using glucose as a standard. The quantifi
cation limit (29) was 0.800 mg mL - 1

• 

The physicochemical characteristics of the administered 
meals, determined using the analytical techniques described 
above and information from the manufacturers, are presented 
in Table I. 

Data Analysis 

Data are presented as box plots showing the median 
value, the lOth, 25th, 75th, and 90th percentiles, and the 

Table L Physicochemical Characteristics of Administered Liquid 
Meals 

Volume (mL) 
Calories (kcal) 
Osmolality (mOsm kg-1) 

pH 
Buffer capacity 

(mmol L - 1 ApH- 1) 

Surface tension (mN m- 1) 

Total proteins (mg mL - I) 
Carbohydrates (mg mL - 1) 
Fat (mg mL - 1) 

Ensure Pluse 
Water containing containing 
10 mg mL - 1 PEG 10 mg mL - 1 PEG 

250 
0 

16 
7.8 
1 

62.0 

500 
750 
610 

6.6 
24 

42.4 
62 

202 
49.2 
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outlier data points, with triangles indicating the mean value. 
The number of subjects that contributed to a specific box plot 
is indicated in parentheses above/below each box. Data from 
a minimum of four subjects was used as the basis for con
structing a box plot. Only the data exceeding the quantifica
tion limit (LOQ) have been included in the box plots. Data 
biased to higher values because the number of samples less 
than LOQ was equal to or greater than the number of 
samples with greater than LOQ are clearly designated in the 
text. For each pammeter, differences between times were 
evaluated with one-way ANOV A or the Kruskal-Wallis test. 
When data did not vary with time, differences between 
pooled fasted data and pooled fed data were performed with 
the unpaired t test or the Mann-Whitney test. Decision on 
the use of a parametric or a distribution-free test was made 
on the basis of the normality and the equal variance tests. 
Comparisons of pH data were always made with distribution
free tests. All statistical comparisons were performed using 
Sigmastat 2.03 (SPSS Inc., Chicago, IL, USA). 
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RESULTS AND DISCUSSION 

Fated Stomadl 

Data measured in the fasted stomach are presented in 
Fig. 1. 

Polyethylene Glycol: Median PEG concentration 20 min 
after administration of water was only 40% of the input 
value (4.0 mg mL - t). Because the number of samples with 
PEG concentmtions <LOQ was the same as the number of 
samples having values >LOQ (nine, Fig. 1), data are biased 
to higher values. Therefore, at 20 min, at least 60% of the 
contents must have consisted of secretions. Because resting 
volumes are of the order of 25 mL (35), this rather substantial 
dilution is attributed to secretions by the gastric mucosa. 
incoming saliva, and. possibly, incoming nasal secretions 
genemted by the presence of the tube into the nostrils and/or 
the pharynx (36). Due to sample volume limitations, data at 
later time points were not collected. The dilution of contents 
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Fag. L Box plots for the samples aspirated from the antrum of fasted healthy subjects after 

administration of 250 mL water containing 10 mg mL -t PEG 4000 into the antrum. 
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within the 20-min period after administration of water had an 
impact on pH, buffer capacity, pepsin levels, and osmolality. 

pH: Intersubject variation was high (range of individual 
pH values was 1.23-7.36). Extreme high pH values may in 
some cases reflect an underlying hypochlorhydria [two sub
jects in our study consistently showed (at aU sampling times) 
pH values close to neutral], but in most cases they probably 
reflect the dilution of gastric contents with saliva and/or nasal 
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secretions [the baseline pH of saliva ranges from 5.45 to 6.06 
and upon stimulation, the pH rises by about two pH units to 
a maximum of 7.8 (37)]. Median pH value was 2.4 twenty 
minutes after administration of water and stabilized to 1.7 at 
later time points. However, the decline over time did not 
achieve statistical significance (p = 0.223). pH values of 1.7 at 
late time points are in agreement with the generally accepted 
value for fasting gastric pH, which is usually measured to be 

~~------------------------~ 
eo • (na15) 

0 eo 100 150 200 250 
Tlma(mln) 

OBmalally 

1000~------------------------~ 
• (n=17) 

• (n=1B) 

(n=10) l T r~-181 1n=~-
18

:n:18) 
IP'~ (P>4) • ~ ~ 

• (n•17) t '"i7) I I 200 • • • a 
~ ~ ij (na18) 

2 

! 
E (n=18) 

(n=12) 

800 

o~-3~~--~~--~--~~----~ o~~~----~----~--------~ 0 1M) 100 1110 200 250 0 50 100 150 200 250 
Tlme(mln) 

S~IBnalan 
eor--------------------------, 
50 

40 

E 
2! 30 
E 

20 

10 

0+-----~--~----~--------~ 0 50 100 160 200 260 
1lme (min) 

~r-------------------------~ • 
(na18) • (na14) 

200 

!T~Irr~ . . ~ 60 

0~--~~·~------~----~--~ 
0 100 150 200 

Tlma(mln) 

11mll (n*l) 

Tolal proiBin oonlant 
60 -r-...,.(n-·-11...,) ____ ___; ______________ ~ 

• 
40 

10 

50 100 150 200 280 
Tlma(mln) 

Fi&- Z. Box plots for the samples aspirated from the antrum of fasted healthy subjects after 
administration of 500 mL Ensure Plus., containing 10 mg mL -t PEG 4000 into the antrum. 



170 

about 2 or slightly lower (12-17). The pH of fasting gastric 
aspirates remained unchanged when the samples were 
maintained at room temperature for up to 20 min. 

Buffer Capacity: The median value for buffer capacity 
20 min after administration of water was 7 mmol L - 1 ~pH- 1 

and increased to about 18 mmol L-1 ~pH- 1 at later time 
points (p < 0.001). 

Pepsin: Median values ranged from 0.11 mg mL - 1 at 
20 min to 0.22 mg mL - 1 at 60 min (NS, p > 0.05). In the 
literature, values reported for pepsin concentmtion are higher. 
Schmidt et aL (19) report a value of 0.87 mg mL - 1 (determined 
by hydrolysis of hemoglobin at pH 1.7 and by using hog pepsin 
as standard) and Lambert et al. (38) reported values of 
0.83-1.27 mg mL - 1 (determined with an analytical technique 
similar to that used in this study). An important method
ological difference between the present and the previous 
studies is that no water seems to have been administered 
prior to collecting aspimtes in the previous studies (19,38). 

Osmolality: Although gastric contents were clearly 
hyposmotic, osmolality was lower at early time points (98 
mOsm kg- 1 at 20 min) and plateaued to about 140 mOsm 
kg - 1 at later times (p = 0.026). These values are consistent 
with those reported earlier by Gisolfi et al. (39) (mean of 
29 mOsm kg- 1 over an 85-min exercise period during which 
1,850 mL water was concurrently administered), by Lindahl 
et aL (14) (191 mOsm kg- \ without prior water admin
istration), and by Davenport (37) (171-276 mOsm kg-\ no 
indication of whether water was preadministered). 

Surface Tension: Surface tension was practically unaf
fected by water administration, with median values ranging 
from 41.9 to 45.7 mN m-1 during the first hour after the 
administration of water. These values are similar to pre
viously reported results (40,41). Some investigators have 
attributed the low surface tension of gastric contents (pure 
water has a surface tension of 72 mN m - 1) to a reflux of 
duodenal contents (42,43). However, others have shown that 
this cannot be the reason in all subjects, as in many of them 
the bile salt levels in gastric aspirates are below the limits of 
detection (41,44-46). It is interesting to note that pepsin alone 
(at physiological relevant concentmtions) is able to decrease 
the surface tension of water to about 57 mN m - 1 

( 4). 
Bile Acids: Bile acids, if any, were present at concen

trations below the quantification limit of analytical method 
used in this study (i.e., less than 500 .uM). However, bile salts 
at concentrations up to 1 mM (refluxed from the duodenum) 
have been quantified by other research groups in the fasted 
stomach (14,41,43,47). It is worth mentioning that in some of 
the earlier studies, samples were aspirated from the resting 
gastric contents rather than during gastric emptying of water 
from the stomach. From convectional considerations, one 
might reasonably expect that duodenal reflux would be more 
pronounced during resting conditions than during active 
gastric emptying of a liquid. 

Fed Stomach 

Data for the fed stomach are presented in Fig. 2. In 
agreement with literature data (33), the analytical method 
employed in our study for measuring PEG levels was not 
reliable in the presence of high nutrient concentrations. There-
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fore, an accurate picture of dilution or concentration of gastric 
contents over time in the fed state W!l5 not possible. 

pH: Thirty minutes post-Ensure Pluse administration, 
the median gastric pH was 6.4 and intersubject variability was 
low. This value is close to the pH value of Ensure Plus• (6.6). 
Although intersubject variability increased with time, median 
pH values gmdually decreased (p < 0.001) to reach 2.7 at 210 
min, indicating that the meal effects on intragastric pH were 
still apparent 3 h and 30 min after the meal was given. The 
time required to restore the fasting pH levels depends mainly 
on the composition and the quantity of the meal, whereas the 
input pH value seems to be of secondary importance. For 
example, the time for gastric pH to return to fasting levels 
after administmtion of 580 mL of a pH 5.6 meal (651 mOsm, 
1,000 kcal) was about 2 h (13), whereas after administration 
of 400 mL of a pH 6 meal (540 mOsm, 458 kcal) it was 
about 1 h (11). pH of gastric aspirates drifted in both 
directions by 5-25% within 15 min when the samples were 
kept at room temperature. 

Buffer Capacity: As with pH, variability increased with 
time. Unlike pH, no trend in the median value was apparent. 
During the 30- to 210-min sampling period, median values of 
buffer capacity ranged from 14 to 28 mmol L - 1 ApH-1

, close 
to input value (Table I). These values are significantly higher 
than the values measured 20 min after administration of 
water (p < 0.001), but are not different from values measured 
at times longer then 20 min after the administmtion of water. 
Higher total buffer content of gastric contents in the fed com
pared to the fasting state has also been reported by others; 
when 10 mL of homogenized meal (500 mL, 546 kcal, -50% 
from lipids) was incubated with 20 mL of fresh gastric juice, a 
33% increase in buffer capacity in 2 h was generated (48). 

Pepsin: Both median values and intersubject variability 
remained fairly constant with time. During the 30- to 210-min 
sampling period, pepsin levels ranged from 0.26 to 0.58 mg 
mL - 1• These values are significantly different (p = 0.006) and 
up to twice as high as those measured in fasted state (Fig. 1). 
However, they are lower than the values found in the study 
of Lambert et aL {38), where pepsin levels in gastric aspirates 
after intravenous administration of insulin or betazole 
(histalog) were reported to be 0.56-1.72 mg mL - 1 and also 
lower than the values found in the study of Schmidt et aL 
(19), where values of 1.25 and 1.68 mg mL -t were reported 
after stimulation with histamine or with insulin, respectively. 
Again, these differences can be attributed to differences in 
the study protocols; in the earlier studies, which recruited 
subjects hospitalized for various disorders, induction of the 
fed state was performed pharmacologically rather than by 
administration of a meal, leading to substantially lower 
intragastric volumes and thus, higher pepsin concentration. 

Osmolality: Both the median value and intersubject 
variability decreased with time after ingestion of the meal. 
The median value 30 min after the administration of the 
Ensure Pluse was 559 mOsm kg-\ whereas at 210 min it 
decreased to 217 mOsm kg-1 (p = 0.001). Mertz and Poppe 
(20) reported a range of 262-306 mOsm kg - 1 for osmolality 
after intravenous infusion of betazole (an analog of hista
mine); therefore gastric secretions under fed simulating 
conditions are isoosmotic or only slightly hyperosmotic and 
the high osmolality of fed aspirates in this study can be 
attributed to the hyperosmolarity of the administered meal. 
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Surface Tension: Surface tension values showed remark
able reproducibility and during the entire aspiration period 
median values ranged from 30 to 31 mN m -t, i.e., they were 
30% lower than in the fasting state (p < 0.001). 

Bile Salts: Only one sample bad a bile content above 
the quantification limit (i.e., higher than 500 ,uM). In the 
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literature trace levels of bile salts have been reported to be 
present in the fed stomach [mean value = 60 .uM (43)]. 
Because of the high limit of quantification of our method, it 
is not surprising that no bile salts could be detected in the 
stomach either fasted or fed and it is not possible from our 
results to say whether bile salts are refluxed or not 
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Ffg. 3. Box plots for the samples aspirated from the distal duodenum of fasted healthy subjects after administration of 250 mL water containing 10 mg mL - t PEG 4000 into the antrum. 
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Total Protein and Carbohydrate Content: The median 
values for total protein and tothl carbohydrate content 
decreased gradually from 23.3 and 152.1 mg mL - 1

, 
respectively, at 30 min to 11.2 and 49.1 mg mL - 1, respectively, 
at 210 min after the meal's administration. The substantial 
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presence of nutrients 210 min after administration of the meal 
is in accordance with the higher than baseline pH level dis
cussed earlier. However, it should be noted that, in Fig. 2, total 
protein data are biased to higher values because the total 
number of samples with values <LOO (sixty one) was higher 
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than the total number of samples with total protein values 
>LOQ (forty five, Fig. 2). 

Fasted Duodenum 

Data obtained from duodenal aspirates after adminis
tration of water are presented in Fig. 3. 

Polyethylene glycol: Median PEG value was 4.3 mg 
mL - 1, similar to the gastric value 20 min after administration 
of water. These results provide an indication that any water absorption across the duodenal wall is balanced by the 
baseline bile and pancreatic secretions. However, it should be noted that, in Fig. 3, PEG data are biased to higher values because the total number of samples with values <LOQ 
(eight) was higher than the total number of samples with 
total protein values >LOQ (seven, Fig. 3). 

pH: As in the fasting stomach, pH values were highly 
variable. However, the variability observed in the fasted 
duodenum may be related to reasons other than those specu
lated for the fasting stomach. According to Woodtli and 
Owyang (49), intersubjcct variations of the pH arc related to the different phases of interdigestive motility. Moreover, in our study it was confirmed that the two subjects with the 
lowest intraduodenal pH values were those for which the 
tube was slightly moved upwards during the experimentation period and, therefore, aspirated sample corresponded to the 
descending part of the duodenum (i.e., close to or even proximal to the sphincter of Oddi). At the other extreme end, the subject with a slightly alkaline pH in the duodenum was 
the one that showed almost neutral gastric pH in the fasting state. The median pH value was 6.2. This is in agreement 
with median fasting duodenal pH values reported in the 
literature, which vary from 5.95 to 6.72 (10-13,15,50,51). pH 
of duodenal aspirates drifted to higher values, increasing by up to 6% within 20 min at room temperature. This could be 
related to a slow transformation of bicarbonates to carbon dioxide under zero-convection conditions (52). 

Buffer Capacity: Median buffer capacity was 5.6 mmol L - 1 .&pH- \ i.e., much lower than the median gastric value. 
To the best of our knowledge, there is only one relevant study in which the concentration of bicarbonates immediately 
next to the duodenal bulb was (albeit indirectly) measured. By measuring pH and partial pressure of carbon dioxide (53), the concentration was found to be about 6.7 mM. 

Osmolality: Contents were hypoosmotic (median value = 178 mOsm kg- 1). Data are in accordance with those reported by Gisolfi et al. (39) (142 mOsm kg-1 in 
intestinal fluids aspirated 25 em from pylorus) and, as would be expected, lower than the value reported by Lindahl et al. (14) for jejunal aspirates (271 mOsm kg- 1

). 
Surface Tension: As in the fasted stomach, this param

eter showed the least variability. However, the median value 
(32.3 mN m - 1

) was much lower than the gastric value, presumably as a result of the higher level of surface active 
agents such as bile salts and enzymes. 

Bile Salts: The median value was 2.6 mM, similar to the 
value reported by Lindahl et al. (14) for the concentration of bile salts in jejunum during fasted state conditions (average 2.9 mM), but lower than the values found by other 
investigators for fasted duodenal contents [4.3-6.4 mM (5)]. 
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Total Protein Content: The median value was 3.1 mg 
mL - 1 and corresponds to enzymes arriving into duodenum 
from the stomach (e.g., pepsin, data not shown), the pan
creas, and the bile duct (10 g of protein are secreted by 
the liver into the bile every day in a 70-kg man (54)]. 
However, this value probably overestimates the actual aver
age intralumenal total protein content because the number of samples with values >LOQ (seven, Fig. 3) was only slightly 
higher than the number samples with total protein values 
<LOQ (six). It should be noted that the average total pro
tein content of fasted jejunum has been reported to be 2.1 mg mL -l (14). 

Fed Duodenum 

Data for the characterization of the luminal contents in 
the fed duodenum are presented in Fig. 4. 

Polyethylene Glycol: Although median values were 
close to input PEG concentrations, data were extremely 
variable, suggesting that in some cases there was significant 
water absorption whereas in others there was significant 
water secretion. Postprandial values were on the average 
significantly higher than those 20 min after water adminis
tration (p = 0.006). 

pH: Data were less variable than in the fasting state. 
The median duodenal pH 30 min after meal administration 
was 6.6, somewhat higher than the fasting state value, but it 
fell (p < 0.001) slowly to 5.2 at 210 min after the admin
istration of Ensure Plus•. Although the pH decrease with 
time in the fed upper small intestine is known (10,11), earlier 
data had suggested that it occurs faster than in the present 
study and that perhaps the return to the higher pH levels of the fasted duodenal lumen was also faster (11). In the latter 
study, the energy content of the meal was 458 teal, with 
40% of calories coming from carbohydrates, 20% from 
proteins, and 40% from fats (11). The meal administered in 
the present study had similar percentage of calories coming 
from proteins (the major buffering species among nutrients), 
but contained much higher total energy content (Table I). 
Therefore, the buffer capacity is expected to be higher in this 
study and this could possibly account for the diffe~ent time
scale of progression of the pH value. The pH of duodenal 
aspirates drifted slightly by up to 3% to lower values within 
10 min of storage at room temperature. This is speculated to 
be related to the creation of digestion products with acidic properties (e.g., digestion of triglycerides). 

Buffer Capacity: Median values were between 18 and 30 mmol L - 1 .&pH- 1 without showing a specific trend over 
time. These values are significantly higher than those mea
sured after water administration (p < 0.001). Based on 
medians, the picture is similar to the corresponding gastric 
data in the fed state (Fig. 2). It is interesting to note that the 
extremes in buffer capacity results (high and low) correspon
ded with the extreme PEG values, i.e., with extremes in net 
water flux behavior. However, variability in net water flux 
did not impact the intraduodenal pH (as discussed above), 
presumably because intraduodenal pH values, the pH of the meal, and the pH of secretions are all close to neutral. 
Literature data on buffer capacity in the fed duodenum are 
very limited. Rune (55) measured the pH and the partial 
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pressure of carbon dioxide in samples aspirated 10 em lower 
than the pylorus 3 and 3.75 h after administration of a meal 
(393 kcal with 39% fats and 51% carbohydrates); estimated 
bic;arbonate concentrations were 10 and 23 mEq L - 1 (55). 

Osmolality: As with both the PEG and the buffer 
capacity data, osmolality data showed increased variability. 
The increased variability may be related to the extremes in 
net water flux observed in some cases and would support 
the diverse clinical data with regard to the effects of input 
osmolality on intralumenal water absorption and secretion 
(39,56--60) that have been reported in the literature. Based 
on median values, duodenal contents were hyperosmotic over 
most of the aspiration period but achieved isoosmolality (287 
mOsm kg- 1

) first at 210 min. Values were significantly higher 
than those after water administration (p < 0.001). Ensure 
plus111 contains a disaccharide (25% of total carbohydrate 
is sucrose), and, like the FDA meal, complex carbohydrates 
(34% of total carbohydrate is maltodextrin). Gradual hydro
lysis of carbohydrates and, perhaps, increased intestinal 
residence prior to their absorption [41% of total carbohy
drates is com syrup that contains mainly fructose; fructose is 
absorbed three to six times slower than glucose from the gut 
(36)] generate higher luminal osmolality (54). 

Surface Tension: Surface tension, as in all previous 
phases, showed the least variability. Medians were very low 
and ranged between 28.1 and 28.8 mN m-1• Values were 
significantly different from those measured after water 
administration (p < 0.001 ). 

Bile Salts: Data showed higher variability in the fed 
state, but results tended to decrease and become more con
sistent with time. Extreme low values were associated with 
sampling from the upper-middle duodenum, i.e., close to or 
even proximal to the sphincter of Oddi. Medians dropped 
from 11.2 to 5.2 mM at 180 min postdosing. Armand et al. 
(61) reported mean values of 6.7-13.4 mM up to 4 h after a 
960-kcal meal (67.5% of calories were from lipids). Fausa 
(62) reported a mean concentration of 145 mM for bile salts 
at 30 min after administration of the meal (300 mL) and 
5.2 mM between 30 and 60 min after administration of 
the meal. 

Total Protein and Carbohydrate Content: Total protein 
content and total carbohydrate content were variable but 
much lower than input values over the entire aspiration 
period. However, data for total protein content are probably 
biased to higher values because the total number of samples 
with values <LOQ (twenty nine) was only slightly less than 
the number of samples with values >LOQ (thirty, Fig. 4). The 
high total protein content even 180 min after administration 
of the meal, significantly different than the content measured 
after water administration (p = 0.005), can be attributed 
partly to the increased presence of enzymes and partly to the 
presence of proteins in Ensure plus111• Casemates, as well as 
other phosphopeptides that are present both in Ensure plus111 

and in the meal administered in BAIBE studies, are known to 
be relatively resistant to enzymatic digestion, and their 
digestibility may be affected by the presence of starch (54). 
With regard to carbohydrates, significant amounts were still 
present 180 min after administration of the meal. Although 
some carbohydrates may be contributed by the bile (37 ,53), a 
part of the carbohydrates measured would have been 
contributed by the maltodextrins [i.e., degradation products 
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of starch; 2-20% of dietary starch and, perhaps, fructose 
escape absorption in the small bowel (64-66)]. It is worth 
mentioning that the FDA meal, which is often administered 
in BAIBE studies, also contains fructose (in orange juice) 
and starch. 

CONCLUSION 

The foregoing results confirm that there are very sub
stantial differences in well-characterized parameters such as 
pH and bile salt concentrations between the fasted and fed 
states. Furthermore, substantial differences were established 
in less well-characterized, but pharmaceutically important, 
parameters such as buffer capacity, osmolality, and volume of 
luminal contents. A key difference between this study and 
previous studies was the attempt to simulate usual dosing 
conditions in a bioavailabilitylbioequivalence study. For 
experimental reasons (potential for clogging of aspiration 
tubes), it was not possible to aspirate after administration of 
the standard FDA meal. However, a fluid "total nutrition 
drink" with very similar carbohydrateJproteinlfat ratios as 
well as most other physical chemical properties to the 
standard meal was substituted, making it possible to aspirate 
and still at least approximate the conditions usually adopted 
in bioavailabilitylbioequivalence studies. In addition, there 
have been very few studies published that have attempted to 
characterize luminal conditions in the duodenum after the 
administration of a meal. The data reported here suggest 
that, although the current biorelevant media better simulate 
the luminal environment much more nearly than standard 
compendial media, there is still some room for improvement. 
These results, coupled with a separate set of results charac
terizing the lipids in the GI tract in the fed state, will be used 
to design a .. second generation" of biorelevant media. 
Potential uses of these media would be for characterization 
of solubility, dissolution, and permeability properties of drugs 
and dosage forms. 

ACKNOWLEDGMENTS 

This work was funded by Irakleitos Fellowships of 
Research of the National & Kapodistrian University of 
Athens (Greece) and by AstraZeneca AB (Sweden). 

REFERENCES 

1. G. L. Amidon, H. Lennernas, V. P. Shah, and J. R. Grison. A 
theoretical basis for a biopharmaceutic drug classification: the 
correlation of in vitro drug product dissolution and in vivo 
bioavailability. Pharm. Res. U:413-420 (1995). 

2. E. Galia, E. Nicolaides, D. Hoerter, R. Loebenberg, C. Reppas, 
and J. B. Dressman. Evaluation of various dissolution media for 
predicting in vivo performance of class I and II drugs. Pharm. 
Res. 15:698-705 (1998). 

3. E. Nicolaides, M. Symillides, J. B. Dressman, and C. Reppas. 
Biorelevant dissolution testing to predict the plasma profile 
of lipophilic drugs after oral administration. Pharm. Res. 
11:380--388 (2001). 

4. M. Vertzoni, J. B. Dressman, and C. Reppas. Simulation of 
fasting gastric conditions and its importance for the in vivo 
dissolution of lipophilic compounds. Eur. J. Pharm. Biopharm. 
60:413-417 (2005). 

5. J. B. Dressman, G. L Amidon, C. Reppas, and V. P. Shah. 



PChem Data of Upper Gl Lumea 

Dissolution testing as a prognostic tool for OJ'III drug absorption: 
Immediate release dosage forms. Plumn. Res. 15:11-22 (1998). 

6. N. Fotaki, M. Symillides, and C. Reppas.ln vitro vs. canine data 
for predicting input profiles of isosorbide-5-mononitrate from 
oral extended release products on a confidence interval basis. 
Eur. J. Pharm. Sci. 24:115-122 (2005). 

7. N. Fotaki, M. Symillides, C. Reppas. Canine vs. in vitro data for 
predicting input profiles of L-sulpiride after oral administration. 
Eur. J. Plwrm. Sci. 26:324-333 (2005). 

8. Guidance for Industry, Bioavailability and Bioequivalence 
studies for orally administered drug products-General consid
erations, U.S. Department of Health and Human Services, FDA, 
CDER, October 2000. 

9. EMEA, Committee for proprietary medicinal products, Note for 
guidance for the investigation of bioavailability and bioequiva
lence, CPMP/EWP/QWP/1404/98, 26 July 2001. 

10. L. Ovesen, F. Bendtsen, U. Tage-Jensen, N. T. Pedersen, B. R. 
Gram, and S. J. Rune. Intraluminal pH in the stomach, 
duodenum and proximal jejunum in normal subjects and 
patients with exorcine pancreatic insufficiency. Gostroenterology 
90:958-962 (1986). 

11. J. R. Malagelada, G. F. Longstreth, W. H. J. Summerskill, and V. 
L. W. Go. Measurements of gastric functions during digestion of 
ordinary solid meals in man. Gastroenterology 70:203-210 (1976). 

12. V. Savarino, G. Sandro Mela, P. Scalabrini, A. Sumberaz, G. 
Fera, and G. Celie. 24 hour study of intragastric acidity in 
duodenal ulcer patients and normal subjects using continuous 
intraluminal pH-metry. Dig. Dis. ScL 33:1077- 1080 (1988). 

13. J. B. Dressman, R. R. Berardi, L. C. Dermetzoglou, T. Russell, 
S. P. Schmaltz, J. L. Barnett, and K. M. Jarvenpaa. Upper 
gastrointestinal (GI) pH in young, healthy men and women. 
Plwrm. Res. 7:756-761 (1990). 

14. A. Lindahl, A. L. Ungell, L. Knutson, and H. Lennemas. 
Characterization of fluids from the stomach and proximal 
jejunum in men and women. Pharm. Res. 14:497-502 (1997). 

15. A. G. Press, A. I. Hauptmann, L. Hauptmann, B. Fuchs, K. Ewe, 
and G. Ramadori. Gastrointestinal pH profiles in patients 
with inflammatory bowel disease. AUment PlwrmacoL Ther. 
U:673--678 (1998). 

16. L. J. Miller, J. R. Malagelada, and V. L. W. Go. Postprandial 
duodenal function in man. Gut 19:699-706 {1978). 

17. Guidance for Industry, Food-Effect Bioavailability and Fed 
Bioequivalence Studies, U.S. Department of Health and Human 
Services, FDA, CDER, December 2002. 

18. W. P. Geus, E. H. Eddes, H. A. J. Gielkens, K. H. Gan, C. B. H. 
W. Lamers, and A. A. M. Masclee. Post prandial intragastric and 
duodenal acidity are increased in patients with chronic pancre
atitis. Aliment PlwrmacoL Ther. 13:937-943 (1999). 

19. H. A. Schmidt, G. Fritzler, W. Dolle, and H. Goebell. 
Vergleichende Untersuchungen der histamine- und insulin 
stimulierten Saure-Pepsin-Sekretion bel patienten mit Ulcus 
duodeni und Kontrollpersonen. Dtsch. Med. Wochenschr. 
95:2011-2016 {1970). 

20. D. P. Mertz and W. Poppe. Gastric juice secretion under the 
influence of furosemide. Klin. Wochenschr. 46:82G-823 (1968). 

21. The Ross Medical Nutritional System, Product Handbook, Ross 
Laboratories, Ross Products Division, Abbott Laboratories, 
Columbus, OH, USA, 1993. 

22. S. Klein, J. Butler, J. Hempenstall, C. Reppas, and J. B. 
Dressman. Media to simulate postprandial stomach I. Matching 
the physicochemical characteristics of standard breakfasts. J. 
Pharm. PlwrmacoL 56:605-610 (2004). 

23. National Institutes of Health. Clinical Guidelines on the 
Identification, Evaluation, and TretllmenJ of Overweight and 
Obesity in Adults, Department of Health and Human Services, 
National Institutes of Health, National Heart, Lung, and Blood 
Institute, Bethesda, MA, 1998. 

24. M. Vertzoni, Optimization of in vitro dissolution conditions for 
the prediction of oral absorption characteristics of lipophilic 
compounds. Doctoral Thesis, National and Kapodistrian Uni
versity of Athens, Athens, Greece, 2004. 

25. D. D. Van Slyke. On the measurement of buffer values and on 
the relationship of buffer value to the dissociation constant of 
the buffer and the concentration and reaction of the buffer 
solution. J. BioL Chem. 52:525-570 {1922). 

175 

26. A. T. Florence and D. Attwood Physicochemical Principles of 
Pharmacy, Chapman & Hall, London,1988. 

27. C. J. Gara, D. W. Burget, T. Sivakumaran, and R. H. Hunt. The 
effect of temperature and pH on the stability of human pepsin in 
stored gastric juice. Scand. J. GtutroenJeroL 21:650-654 (1986). 

28. P. Gegenheimer. Preparation of extracts of plants. Methods 
EnzymoL 18Z:174-193 (1990). 

29. J. C. Miller and J. N. Miller. Statistics for Analytical Chemistry, 
Chop. 4, Wiley, New York, 1984. 

30. M. L. Anson. The estimation of pepsin, trypsin, papain and 
cathepsin with hemoglobin. J. Gen. Physiol. 22:79-89 {1938). 

31. M. Vertzoni, N. Fotaki, E. Kostewicz, E. Slippier, C. Leuner, E. 
Nicolaides, J. Dressman, and C. Reppas. Dissolution media 
simulating the intralumenal composition of the small intestine: 
physiological issues and practical aspects. J. Pharm. PlwrmacoL 
56:453-462 {2004). 

32. S. J. Malawer and D. W. Powell. An improved turbidimetric 
analysis of polyethylene glycol utilizing an emulsifier. Gostrom
terology 53:250-256 (1967). 

33. T. B. Buxton, J. K. Crockett, W. L. Moore, and J.P. Rissing. 
Protein precipitation by acetone for the analysis of polyethylene 
glycol in intestinal perfusion ftuid. Gostrowero/ogy 76:82(}..&4 
(1979). 

34. D. S. Galanos and V. M. Kapoulas. Preparation and analysis of 
lipid extracts from milk and other tissueL Biochim. Biophys. 
Acta 98:278-292 (1965). 

35. A. Dupois, P. V. Eerdewech, and J. D. Gardner. Gastric 
emptying and secretion in Zollinger-Ellison syndrome. J. Clin. 
Invest. 59:225-263 (19n). 

36. J. Sarosiek, R. M. Romk, R. Piascik, Z. Namiot, D.P. Hetzel, 
and R. W. McCallum. The effect of esophageal mechanical and 
chemical stimuli on salivary mucin secretion in healthy individ
uals. Am. J. Med ScL 308:23-31 (1994). 

37. H. W. Davenport. Physiology of Digestive Tract, 5th ed., Year 
Book, Medical Publisher, Chicago, 1981. 

38. R. Lambert, F. Martin, and M. Vagne. Relationship between 
hydrogen ion and pepsin concentration in human gastric 
secretion. Digestion 1:65-77 (1968). 

39. C. V. Gisolfi, R. W. Summers, G. P. Lambert, and T. Xia. Effect 
of beverage osmolality on intestinal fluid absorption during 
exercise. J. AppL PhysioL 85:1941-1948 (1998). 

40. P. Finholt and S. Solvang. Dissolution kinetics of drugs in human 
gastric juice the role of surface tension. J. Plwrm. Sci. 
57:1322-1326 (1968). 

41. M. Efentakis and J. B. Dressman. Gastric juice as a dissolution 
medium: Surface tension and pH. Eur. J. Drug Metab. Plwrma
cokinet. 23:97-102 (1998). 

42. M. Gidaldi and S. Feldman. Mechanisms of surfactant effects 
on drug absorption. J. Plwrm. Sci. 55:579-589 (1970). 

43. J. Rhodes, D. E. Barnadro, S. F. Philips, R. A. Rovelstad, and A 
F. Hofman. Increased reftux of bile into the stomach in patients 
with gastric ulcer. Gostromtero/ogy 57:241-252 (1969). 

44. M. Efentakis and J. T. Fell. The wetting and dissolution rates of 
aspirin powder in surfactant& solutions. Acta Plwrm. TechnoL 
Z7:33-35 (1981). 

45. L. J. Naylor, V. Bakatselou, and J. B. Dressman. Comparison of 
the mechanism of dissolution of hydrocortisone in simple and 
mixed micelle systemL Plwrm. Ru. 18:865-869 (1993). 

46. J. T: FeU and H. A H. Mohammad The wetting of powders by bile 
salts solutions and gastric juice. lnt J. Pharm. 125'.327-330 (1995). 

47. B. L. Pedersen, A. Mullertz, H. Brondsted, and H. Kristensen. A 
comparison of the solubility of danazol in human and simulated 
gastrointestinal fluids. Plwrm. Res. 17:891-894 (2000). 

48. J. S. Fordtran and J. H. Walsh. Gastric Acid secretion rate and 
buffer content of the stomach after eating. J. Clin. lnvesL 52: 
645-657 (1973). 

49. W. Woodtli and C. Owyang. Duodenal pH governs interdiges
tive motility in hmnans. Am. J. PhysloL 268:0146-0152 (1995). 

SO. J. Fallingborg, L. A. Christensen, M. Ingeman-Nielsen, B. A 
Jacobsen, K. Abildgaard, and H. H. Rasmussen. pH profile and 
regional transit times of the normal gut measured by a radio
telemetry device. Aliment PharmacoL Ther. 3:605-612 (1989). 

51. G. Pye, D. F. Evans, S. Ledingham, and J. D. Hardcastle. 
Gastrointestinal intraluminal pH in normal subjects and those 
with colorectal adenoma or carcinoma. Gut 31:1355-1357 (1990). 



176 

52. D. P. McNamara, K. M. Wlrltney, and S. 1.. Goss. Use of a physiologic bicarbonate buffer system for dissolution characterization of ionizable drugs. Pharm Res. 28:1641-1646 (2003). 53. M. Repisthi, D. L. Hogan, V. Pratha, L. Davydova, M. Donowitz, C. M. Tse, and J. I. Isenberg. Human duodenal mucosal brush border Na+IH+ exchangers NHE2 and NHE3 alter net bicarbonate movement. Am. J. PhysioL: GasttrointuL Livtr Physiol. 281:015~163 (2001). 
54. D. H. Alpers. Physiology of Gastrointestinal Tmct, 2nd ed., Raven Press, New York,1987. 
55. S. J. Rune. Acid-base parameters of duodenal contents in man. Gastrotnttrology 6Z:533-539 (1972). 
56. J. B. Hunt, E. J. Elliot, P. D. Fairclough. M. 1.. Clark, and M. J. G. Farthing. Water and solute absorption from hypotonic glucose-electrolyte solutions in human jejunum. Gut 33:479-483 (1992). 
57. J. B. Hunt, E. J. Elliot. and M. J. G. Farthing. Efficacy of a standard United Kingdom oral rehydration solution (ORS) and a hypotonic ORS assessed by human intestinal perfusion. AlimtnL PharmacoL Thtr. 3:565-571 (1989). 
58. A. Pfeiffer, T. Schmidt, and H. Kaess. The role of osmolality in the absorption of a nutrient solution. AlimtnL PharmacoL Thtr. U:281- 286 (1998). 
59. J. B. Leiper and R. J. Maughan. Absorption of water and 

Kalutzi et tJI. 

electrolytes from hypotonic, isotonic and hypertonic solutions. J. PhysioL (Lond.) 373:90, 1986 (1986). 
60. J. B. Hunt, A. V. Thillainayagam, A. F. M. Salim, S. Carnaby, E. J. Elliott, and M. J. G. Farthing. Water and solute absorption from a new hypotonic oral rehydration solution: evaluation in human and animal perfusion models. Gut 33:1652-1659 (1992). 61. M. Armand, P. Borel, B. Pasquicr, C. Dubois, M. Senft, M. Andre, J. Peyrot, J. Salducci, and D. Lairon. Physicochemical characteristics of emulsions during fat digestion in human stomach and duodenum. Am. J. Phys. Z71:G172-G183 (1996). 62. 0. Fausa. Duodenal bile acids after a test meal. Scand. J. GastrotnttroL 9".561-510 (1974). 

63. M. Polonovski and R. Bourrilion. Study of the composition of bile in various animals. BulL Soc. Chlm. BloL 34:703-711 (1952). 64. A. M. Stephen, A. C. Haddad, and S. F. Phillips. Passage of carbohydrate into the colon. Gastroenterology 85:589-595 (1983). 
65. J. H. Bond and M. D. Levitt. Use of pulmonary hydrogen (Hl) measurements to quantitate carbohydrate absorption. Study of partially gastrectomised patients. J. Clln. lnvuL 51:1219-1225 (1972). 
66. J. H. Bond, B. E. Currier, H. Buchwald, and M. D. Levitt Colonic conservation of malabsorbed carbohydrate. Gastrotnttrology 78:444-447 (1980). 


